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Abstract  of  Dissertation  Presented  to  the  Graduate  School  of 
the  University  of  Florida  in  Partial  Fulfillment  of  the 
Requirements  for  the  Degree  of  Doctor  of  Philosophy 


ZOOPLANKTON  DYNAMICS  IN  AN  ACIDIC,   SUBTROPICAL  LAKE 

by 

RAYMOND  W.  BIENERT,  JR. 
MAY  1987 

Chairman:  Thomas  L.  Crisman 

Major  Department:  Environmental  Engineering  Sciences 

Zooplankton  were  studied  over  a  five-year  period  (1981-1985)  in 
McCloud  Lake,  a  small,  oligotrophic ,  acidic  lake  in  north-central 
Florida.     Emphasis  was  placed  on  examining  1)  the  life-cycles  and  life- 
history  characteristics  of  the  dominant  copepod  species,  Diaptomus 
mississippiensis  and    Mesocyclops  edax,     2)  the  effects  of  temperature 
and  food  quality  and  availability  on  zooplankton  community  structure  and 
seasonality,  and  3)  the  importance  of  ciliated  protozoans  to  the  struc- 
ture and  function  of  the  planktonic  food-web. 

The  limnetic  zooplankton  community  in  McCloud  Lake  was  characterized 
by  both  low  numbers  and  diversity  of  rotifers  and  crustacean  zooplank- 
ton.    The  total  species  pool  contained  only  six  important  taxa.  Micro- 
zoo.plankton  comprised  the  largest  fraction  of  mean  annual  zooplankton 
densities  (50-66%),  while  macrozooplankton  dominated  mean  annual  biomass 
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(84-94%).    Estimates  of  annual  zooplankton  production  during  1984  ranged 

-2      -1  -2  -1 

from  13.6  to  19.5  g  dry  wt .  m      yr      (73.5-105.0  kcal  m      yr  ). 

Food  limitation  was  an  important  factor  structuring  the  zooplankton 
community  in  McCloud  Lake.    Algal  food  supplies  were  dominated  by  cells 
in  the  ultra-  (2.0-10.0  um)  and  picoplankton  (0.2-2.0  um)  size-range. 
Total  phytoplankton  densities  seldom  exceeded  15,000  units/ml,  and  bac- 
terioplankton  concentrations  were  always  below  threshold  feeding  levels 
(<9.0  X  10^  cells/ml)  for  ciliates  and  microzooplankton.  Insufficient 
food  supplies  lowered  zooplankton  fitness  by  decreasing  development 
times,  fecundity  and  survivorship.     Coexistence  among  the  dominant  taxa 
was  maintained  by  a  combination  of  factors  including  temporal  segrega- 
tion, resource  partitioning  and  vertebrate  and  invertebrate  predation. 

Ciliated  protozoans  reached  densities  of  13,000/1  during  1984  and 
comprised  an  unusually  large  fraction  of  zooplankton  biomass  (58%  of 
rotifer  plus  crustacean  biomass).     The  ciliate  conmiunity  was  dominated 
by  Stentor  niger,  a  species  normally  considered  to  be  unimportant  in  the 
plankton  of  lakes.     This  species  is  especially  interesting  due  to  its 
large  size  (113  X  175  um),  wide  distribution  in  oligotrophic  Florida 
lakes,  and  potential  role  as  a  competitor  with  zooplankton  for  small- 
particle  food.     Stentor  niger  always  contained  high  densities  of  sym- 
biontic  zoochlorellae  and  was  often  concentrated  in  metalimnetic  plates 
during  the  summer  and  fall.     Myxotrophy  appears  to  be  an  opportunistic 
strategy  which  gives  this  species  a  competitive  advantage  over  microzoo- 
plankton (nauplii  and  rotifers)  when  particulate  food  is  scarce.  The 
relative  importance  of  ciliates  in  McCloud  Lake  raises  new  questions  re- 
garding trophic  organization  and  the  structure  of  planktonic  food-webs 
in  oligotrophic  Florida  lakes. 
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CHAPTER  I 
INTRODUCTION 

Zooplankton  are  a  major  component  of  food-webs  in  freshwater  lakes 
and  have  been  the  subject  of  much  attention  in  aquatic  ecology  (Kerfoot 
1980).    Zooplankton  play  an  important  role  in  regulating  phytoplankton 
community  structure  (Gliwicz  1975;  McCauley  and  Briand  1979)  and  produc- 
tion (Porter  1976;  McCauley  and  Kalff  1981),  and  function  as  key  inter- 
mediates in  the  transfer  of  energy  from  primary  producers  and  bacteria 
to  higher  trophic  levels  (Pace  and  Orcutt  1981;  Porter  et  al.  1985; 
Sprules  1980).    Because  they  are  present  in  relatively  high  densities, 
and  have  rapid  turnover  times,     zooplankton  are  also  recognized  as  im- 
portant contributors  to  biological  nutrient  cycling  (Peters  1975; 
Sprules  1980). 

labile  the  functional  role  of  zooplankton  in  aquatic  communities  has 
been  well  described  (Wetzel  1975;  Lewis  1979;  Kerfoot  1980),  the  mech- 
anisms which  regulate  zooplankton  community  structure  and  dynamics  are 
still  poorly  understood  (Lane  1975;  Hall  et  al.  1976;  Lewis  1979;  Lynch 
1979;  Frost  1980).    In  addition,  much  of  the  literature  on  zooplankton 
ecology  has  been  obtained  from  studies  of  temperate  populations.  Re- 
search on  the  structure,  productivity,  and  seasonality  of  zooplankton  in 
tropical  and  subtropical  lakes  is  still  lacking  (Lewis  1979;  Dumont  and 
Tundisi  1984). 

One  area  in  aquatic  ecology  currently  receiving  much  attention,  is 
the  role  of  food  quality  and  availability  in  the  regulation  of  zooplank- 
ton dynamics  (Dagg  1977;  Lampert  and  Schober  1980;  Tessier  and  Goulden 
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1982).    There  is  increasing  evidence  that  food  limitation  may  be  a  key 
factor  structuring  zooplankton  communities  in  many  freshwater  lakes 
(Threlkeld  1976;  Williamson  et  al.  1985).     It  has  been  shown  that  zoo- 
plankton  in  unproductive  lakes  may  be  exposed  to  threshold  food  levels 
for  much  of  the  year  (Lampert  and  Schober  1980).     Food  limitation  may 
also  occur  in  more  productive  lakes,  especially  during  periods  when  food 
quality  is  diminished  by  the  excessive  growth  of  unpalatable  phyto- 
plankton  (Porter  1976;  De  Infante  1978). 

Tessier  et  al.  (1983)  suggest  that  starvation  may  be  a  powerful  se- 
lective force  in  aquatic  communities.     The  ability  to  withstand  variable 
periods  of  low  food,  or  even  starvation  conditions,  may  be  crucial  in 
determining  the  outcome  of  competition  among  zooplankton  populations 
(Dagg  1977;  Lampert  and  Schober  1980).    Therefore,  it  is  conceivable 
that  the  development  of  certain  life-history  features  is  strongly  influ- 
enced by  not  only  the  overall  quality  and  quantity  of  food,  but  by  the 
predictability,  or  lack  of  predictability,  in  the  rate  of  resource  sup- 
ply. 

Desharnais  and  Constantino  (1983)  suggest  that  under  food  limiting 
conditions  selection  should  favor  life-history  characteristics  which 
maximize  equilibrium  population  size,  rather  that  population  growth 
rate.    However,  it  is  difficult  to  test  this  hypothesis  using  field 
data,  as  other  factors,  such  as  seasonal  temperature  cycles,  also  in- 
fluence both  food  supplies  and  zooplankton  life-history  patterns  (Allan 
and  Goulden  1980;  Bottrell  et  al.  1976).     Many  studies  acknowledge  that 
food  and  temperature  effects  are  tightly  coupled,  and  that  their  com- 
bined influence  on  physiological  processes  and  competitive  interactions 
within  the  zooplankton  has  important  implications  in  aquatic  ecology 
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(Elmore  1983a;  Epp  and  Lewis  1979;  Foran  1986b;  Gliwicz  1980;  Herzig 
1983;  Orcutt  and  Porter  1983;  Porter  et  al.  1982). 

The  effects  of  both  food  and  temperature  on  zooplankton  populations 
in  tropical  and  subtropical  lakes  have  been  little  studied  (Dumont  and 
Tundisi  1984).     The  higher  mean  annual  temperatures,  longer  growing  sea- 
sons, and  in  general,  greater  environmental  constancy  of  tropical  and 
subtropical  lakes,  have  led  some  investigators  to  conclude  that  food  re- 
sources are  more  stable  at  lower  latitudes  (Lewis  1979).  Unfortunately, 
detailed  information  on  the  seasonal  cycling  and  quality  (i.e.  food 
particle-size,  palatability )  of  zooplankton  food  resources  exists  for 
only  a  few  lakes  in  the  tropics  and  subtropics  (De  Infante  1978;  Lewis 
1979;  Burgis  1970;  Dumont  and  Tundisi  1984). 

Information  on  the  structure  and  relative  efficiency  of  planktonic 
food-webs  in  tropical  and  subtropical  lakes  is  also  very  limited  (Dumont 
and  Tundisi  1984).     For  instance,  it  is  generally  known  that  both  zoo- 
plankton body-size  and  daphnid  species  diversity  are  reduced  in  lowland 
tropical  and  subtropical  lakes  (Fernando  1980),  but  few  studies  have 
considered  the  possible  consequences  of  these  shifts  to  lake  ecosystem 
function  (Lewis  1979).    Also,  research  on  microbial  components  in  plank- 
tonic food-webs,  including  bacteria  and  ciliated  protozoans,  has  only 
recently  been  initiated  for  tropical  and  subtropical  lakes  (Hecky  and 
Kling  1981;  Beaver  and  Crisman  1982;  Crisman  et  al.  1984). 

Study  Objectives 

This  study  describes  the  population  dynamics  of  zooplankton  in  an 
oligotrophic,  subtropical  Florida  lake.    Emphasis  has  been  placed  on 
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1)  describing  the  life-cycles  and  calculating  selected  life-history  par- 

ameters (r,  b,  d,  fecundity,  body-size)  for  the  dominant  copepod 
species,  Diaptomus  mississlppiensis  and  Mesocyclops  edax. 

2)  obtaining;  estimates  of  secondary  production  for  Diaptomus 
mississippiensis. 

3)  characterizing  the  size  structure  and  dynamics  of  food  resources 

(phytoplankton  and  bacteria),  and  examining  the  effects  of  food  and 
temperature  on  zooplankton  community  structure  and  seasonality. 

4)  evaluating  the  role  of  ciliated  protozoans  within  the  planktonic 

food-web. 

Description  of  Study  Site 

McCloud  Lake  is  a  small  (ca.  5  ha.),  oligotrophic,  softwater  lake 
located  on  the  Katherine  Ordway  Ecological  Preserve  approximately  40  km 
east  of  Gainesville,  Florida.    The  lake  occupies  a  sub-rectangular  so- 
lution basin,  and  there  are  no  surface  streams  located  within  its  small 
(0.96  ha)  watershed.    Depending  on  rainfall,  maximum  depths  in  the  lake 
vary  between  4.5-6.0  m.     Soils  in  the  watershed  consist  primarily  of 
porous  sands,  consequently,  surface  runoff  into  the  lake  is  very  low. 
Rainfall  and  lateral  seepage  are  the  primary  sources  of  vrater  to  the 
lake,  and  downward  seepage  and  evaporation  represent  the  Jajor  losses. 
Additional  information  on  the  geology  and  hydrology  of  this  area  may  be 
found  in  Brezonik  et  al.  (1980). 

McCloud  Lake  has  experienced  only  very  low  levels  of  cultural  dis- 
turbance during  the  past  50-75  years  (Franz,  pers.  comm.),  and  current 
management  policies  implemented  by  the  University  of  Florida  provide  for 
restricted  access  to  the  lake.     McCloud  Lake  has  also  been  the  focus  of 
previous  investigations  (Lackey  and  Lackey  1967;  Brezonik  et  al.  1969; 
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Maslin  1969;  Maslin  1970;  Crisnan  et  al.  1983;  Ogburn  1984;  Baker  1984), 
which  provide  additional  background  information  on  the  chemical  and  bio- 
logical characteristics  of  the  lake. 


CHAPTER  II 
LIFE-HISTORY  FEATURES  OF  DIAPTOMUS 
MISSISSIPPIENSIS  AND  MESOCYCLOPS  EDAX 

Introduction 

Studies  of  copepod  life-cycles  and  life-history  features  have  lar- 
gely been  confined  to  temperate  waters.    Few  data  exist  for  the  tropics 
and  subtropics  (Burgis  and  Walker  1972;  Dumont  and  Tundisi  1984),  and 
studies  of  subtropical  lakes  from  North  America  are  almost  unknown 
(Elmore  1983a,  1983b;  Wyngaard  et  al.  1982).     Most  of  the  zooplankton 
literature  from  Florida  is  descriptive  and  focuses  primarily  on  zoo- 
plankton-trophic  state  relationships  (Bays  and  Crisman  1983;  Blancher 
1984;  Canfield  and  Watkins  1984;  Fry  and  Osborne  1980;  Nordlie  1976; 
Young  1978;  Mallin  1978;  Bienert  1982).    One  exception  is  the  recent 
work  of  Foran  (1986a,  1986b)  who  discusses  life-history  features  of  a 
subtropical  Daphnia  species. 

Information  on  life-cycles  and  life-history  characteristics  is  cen- 
tral to  understanding  many  aspects  of  zooplankton  ecology.  Zooplankton 
communities  from  different  habitats  have  evolved  under  different  selec- 
tion pressures  and,  consequently,  often  display  wide  variation  in  life- 
history  parameters  (Lynch  1980;  Allan  and  Goulden  1980;  Nilssen  1978). 
Heritable  differences  in  longevity,  size  and  age  at  first  reproduction, 
intrinsic  growth  rate,  and  fecundity  have  been  associated  with  preda- 
tion,  competition  and  even  certain  environmental  factors,  including  tem- 
perature and  water  chemistry  (Lynch  1977,1980;  Herzig  1983;  LaBarbera 
and  Kilham  1974;  Lane  1975).     Successful  species  have  developed  and 
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maintained  favorable  genetic  combinations  which  permit  survival  under 
conditions  in  which  selective  forces  vary  both  spatially  and  temporally. 

Life-cycles  often  incorporate  strategies  which  increase  overall  sur- 
vivorship by  reducing  exposure  to  predators  or  by  decreasing  competition 
for  some  limiting  resource.     For  instance,  by  undergoing  diapause  or 
producing  resting  eggs  zooplankton  may  limit  their  susceptibility  to 
critical  temperature  extremes  or  drought  conditions,  reduce  their  expo- 
sure to  certain  predators,  or  physiologically  remove  themselves  from  pe- 
riods of  low  food  quality  or  availability  (Strickler  and  Twombly  1975; 
Nilssen  1978;  Cooley  1978;  Lynch  1980). 

Seasonal  patterns  in  zooplankton  community  structure  and  dynamics 
are  often  quite  variable  between  temperate  and  tropical  and  subtropical 
environments.    Copepod  life-cycles,  in  particular,  vary  widely  across 
latitudinal  gradients.    Temperate  populations  are  univoltine,  exhibit 
pulsed  reproduction  at  various  times  during  the  year,  and  overwinter  as 
late  stage  copepodites  or  adults  (Allan  and  Goulden  1980).     In  contrast 
copepod  populations  in  the  tropics  and  subtropics  are  multivoltine,  show 
little  or  no  seasonality  in  distribution,  and  do  not  undergo  diapause 
(Allan  and  Goulden  1980;  Wyngaard  et  al.  1982). 

The  higher  mean  annual  temperatures  and  longer  growing  seasons  of 
tropical  and  subtropical  environments  favor  increased  rates  of  egg  and 
postembryonic  development  (increased  turnover  times),  but  this  is  often 
at  the  expense  of  increased  metabolic  costs  (Epp  and  Lewis  1979),  smal- 
ler body,  egg  and  clutch  sizes  (Ravera  and  Tonolli  1956;  McLaren  1965) 
and  decreased  longevity  (Gophen  1976;  Vijverg  1980).     The  greater  envi- 
ronmental constancy  (temperature,  nutrient  supply  (Lewis  1979)  and  food) 
of  tropical  and  subtropical  lakes  would  be  expected  to  favor  less  op- 
portunistic species  such  as  copepods,  over  cladocerans  and  rotifers. 
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which  have  a  greater  capacity  for  exploiting  highly  seasonal  environ- 
ments (Allan  1976).     This  seems  to  be  the  case  in  Florida  lakes  where 
cladoceran  communities  are  often  poorly  developed  (Bays  and  Crisman 
1983;  Blancher  1984;  Wyngaard  et  al.  1982),  and  prominent  temperate 
taxa,  like  Daphnia  spp.,  are  greatly  reduced  in  importance  (Foran  1986a, 
1986b).    Unfortunately,  little  information  is  available  on  the  relative 
importance  of  temperature-food  interactions  and  predation  and  competi- 
tion on  zooplankton  dynamics  in  Florida  lakes. 

Copepods  dominate  the  zooplankton  assemblages  of  most  lakes  in 
Florida,  irrespective  of  lake  trophy  (Bays  and  Crisman  1983;  Blancher 
1984;  Wyngaard  e^  al.  1982).     One  or  two  species  of  calanoid  copepods 
(Diaptomus  dorsalis ,  D.  f loridanus ,  D.  mississlppiensis )  and  at  least 
one  species  of  one  or  more  cyclopoid  genera  (Mesocyclops,  Cyclops  or 
Tropocyclops)  are  typical  in  most  lakes  studied.    Diaptomus  dorsalis  is 
restricted  to  more  productive  lakes,  while  D.  mississlppiensis  and  D. 
f loridanus  are  more  common  in  oligo-mesotrophic  lakes.     Elmore  (1983a) 
suggests  that  D.  mississlppiensis  and  D.  f loridanus  are  excluded  from 
eutrophic  lakes  by  predators,  and  that  D.  dorsalis  is  food  limited  in 
oligotrophic  and  some  mesotrophic  lakes.    Aside  from  Elmore's  (1982, 
1983a,  1983b)  pioneering  work  on  Diaptomus  and  Wyngaard  et  al. 's  (1982) 
investigation  of  Mesocyclops  edax  in  eutrophic  Lake  Thonotosassa,  rela- 
tively little  is  known  about  the  life-history  features,  life-cycles  and 
dynamics  of  copepod  populations  in  Florida  lakes. 

Several  barriers  to  studying  copepod  life-cycles  include  the  identi- 
fication of  juvenile  life-stages  and  the  problem  of  distinguishing  be- 
tween the  developmental  stages  of  co-occurring  species.     Detailed  stud- 
ies of  developmental  morphology  are  available  for  only  a  small  number  of 
species  (Comita  and  Tommerdahl  1960;  Ewers  1930;  Gurney  1931). 
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Moreover,  these  works  were  not  intended  to  provide  general  guidelines 
for  the  identification  of  all  species,  although  patterns  of  development 
within  different  suborders  of  Copepoda  are  similar.     Even  for  experi- 
enced workers,  the  identification  and  enumeration  of  copepod  life-stages 
in  samples  with  multiple  species  is  a  difficult  undertaking.     This  fact 
probably  accounts,  in  part,  for  the  relatively  low  number  of  production 
estimates  for  copepods  in  the  literature. 

This  chapter  describes  the  developmental  histories  of  two  common 
Florida  copepods,  Dlaptomus  mississippiensis  and  Mesocyclops  edax. 
Length-weight  regressions  and  egg  and  postembryonic  (Diaptomus  only)  de- 
velopment-time data  are  provided.     In  addition,  the  effect  of  tempera- 
ture on  egg  development-times  and  of  temperature-food  interactions  on 
postembryonic  development-times  are  discussed. 

Methods 

Developmental  Histories 

The  life-history  stages  of  Diaptomus  mississippiensis  and  Mesocyclops 
edax  were  examined  from  1)  formalin  preserved  samples,  2)  material 
freshly  collected  and  narcotized  with  carbonated  water,  and  3)  labora- 
tory-reared specimens  obtained  from  McCloud  Lake.     Specimens  were  exam- 
ined from  monthly-quarterly  collections  spanning  a  three  year  period  to 
account  for  possible  seasonal  differences  in  morphology. 

From  25-200  individuals  of  each  life-stage  were  carefully  examined 
to  identify  morphological  traits  which  could  be  used  to  easily  distin- 
guish betvreen  developmental  stages.     Molts,  which  represent  the  transi- 
tion between  life-stages,  were  collected  from  laboratory-reared  speci- 
mens, stained  with  Rose  Bengal,  and  examined  in  detail.     Photographs  and 
line  drawings  were  made  of  many  stages  and  proved  to  be  a  useful  aid  in 
subsequent  identifications.     When  necessary  to  examine  a  particular 
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structure  in  greater  detail,  dissections  were  made  by  placing  specimens 
in  a  drop  of  25%  glycerin  and  gently  teasing  the  body  segments  apart  us- 
ing tungsten  needles.     Detailed  studies  of  copepod  developmental-mor- 
phology by  Ewers  (1930),  Comita  and  Tommerdahl  (1960)  and  Gurney  (1931) 
were  especially  useful  in  this  work. 
Length-Weight  Estimates 

At  least  250  formalin  preserved  specimens  of  each  life-stage  of 
Diaptomus  mlssissippiensis  and  Mesocyclops  edax  were  measured  from  com- 
posite (ca.  6  stations)  zooplankton  tows  collected  monthly  in  1984  at 
McCloud  Lake.     Total  lengths  of  eggs  and  nauplii  were  measured  at  lOOX 
(+12  um),  while  total  and  metasome  lengths  were  recorded  for  copepodites 
at  40X  (+28  um). 

Weights  were  recorded  for  selected  life-stages  by  pooling  groups  of 
20-200  eggs  or  individuals  from  a  composite  of  12  monthly  samples  (from 
above).    All  specimens  were  triple  rinsed  in  distilled  water  prior  to 
being  dried  on  aluminum  foil  boats  at  60  C  for  24  h.    The  samples  were 
allowed  to  cool  over  silica-gel  in  a  desiccator  for  an  additional  24-48 
h.  before  being  transferred  to  the  pan  of  a  Cahn  Model  G  electrobalance 
(0-1  mg  scale,  sensitivity  0.25  ug).    Mean  weights  were  determined  from 
3-4  replicate  weighings  for  each  life-stage. 
Development  Time  Estimates 

Egg  development-times  were  determined  at  15,  20,  25  and  30  C  for 
Diaptomus  mlssissippiensis  and  at  20,  25  and  30  C  for  Mesocyclops  edax 
using  the  regression  method  (Edmondson  1960,  1965).    All  samples  were 
collected  within  1.0-1.5  C  of  experimental  temperatures,  and  replicate 
experiments  (Diaptomus  only)  were  staggered  over  an  18-month  period  to 
account  for  possible  seasonal  differences  in  development  times.    All  an- 
imals were  incubated  in  the  wells  (2  ml  capacity)  of  plastic  tissue 
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culture  plates  filled  with  filtered,  autoclaved  lake  water  (pH  4.5-4.9). 
Animals  were  transferred  to  acid-washed  culture  plates  filled  with  fresh 
media  2-3  times  daily.     The  eggs  of  Diaptomus  mississippiensis  are  not 
tightly  held  by  the  females  and  losses  during  collection  and  handling 
were  high.     Thus,  only  loose  egg-sacs  were  used  in  the  experiments  for 
this  species.     This  probably  introduced  little  experimental  error  as 
mean  clutch  size  (4  eggs/sac)  was  constant  over  the  study  period,  and 
cultures  were  shaken  frequently  to  prevent  the  eggs  from  adhering  to  the 
sides  of  the  plates.     Cultures  were  monitored  at  2-4  h  intervals  from 
0800-2400  h  and,  additionally,  at  0400  h  for  the  25  and  30  C  treatments. 
A  12:12  light :dark  cycle  was  used  for  all  experiments. 

Postembryonic  development-times  were  determined  for  Diaptomus 
mississippiensis  only.     Nauplii  were  incubated  in  tissue-culture  plates, 
and  copepodites  were  incubated  in  10  ml  glass  beakers.  Chlamydomonas 
reinhardti  grown  in  filtered,  autoclaved  lake  water  supplemented  with 
Hold's  Basal  media  (Bold  1978)  was  used  as  a  food  source.    Fresh  stock 
solutions  were  prepared  every  5-7  days  from  axenic  algal  cultures  grown 
on  agar  slants.    Zooplankton  were  transferred  2-3  times  daily  to  acid- 
washed,  distilled-deionized  water  rinsed  culture  plates  or  beakers  fil- 
led with  fresh  food  (algal  suspensions).    Two  food  treatments,  high 
(1X10^  cells/ml)  and  low  (2X10^  cells/ml),  were  used  at  each  temp- 
erature.    Food  concentrations  were  determined  from  the  regression  rel- 
ationship between  cell  numbers  (triplicate  microscope  counts)  and  ab- 
sorbance  at  750  nm  (Figure  2-1).     Main  treatment  (temperature)  and 
interaction  (food  X  temperature)  effects  on  development  times  were 
evaluated  using  a  factorial  model  (Freund  and  Littell  1981). 
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Results 

Diaptomus  Mlssisslppiensis 
Developmental  history 

The  life-cycle  of  Diaptomus  mississippiensis  consists  of  13  stages: 
an  egg  stage,  6  naupliar  stages,  and  6  copepodite  stages.     The  sixth  or 
terminal  copepodite  stage  is  the  adult.     Females  produce  clutches  of  3- 
11  eggs  which  are  carried  in  a  single  egg-sac  attached  to  the  posterior 
of  the  genital  or  first  abdominal  segment.     Ovigerous  females  may  be 
found  year-round  in  McCloud  Lake. 

The  first  nauplius  has  a  distinctly  rounded  body  possessing  three 
paired  appendages:  the  first  antennae,  second  antennae,  and  mandibles. 
The  caudal  setae  are  present  as  two  long,  thin  filaments.    The  second 
nauplius  is  distinguished  by  a  slight  elongation  of  the  body  and  the 
presence  of  a  comb  of  fine  hairs  on  the  terminal  segment  of  the  first 
antennae.     Maxillules  first  appear  as  a  pair  of  stout  setae  in  the  third 
nauplius.    The  caudal  setae  are  bifurcated  in  this  stage  and  two  caudal 
spines  are  clearly  present.    In  the  fourth  nauplius  the  maxillules  ap- 
pear as  four  distinct  lobes,  and  the  caudal  spines  are  further  devel- 
oped.   The  posterior  region  of  the  body  is  noticeably  elongated  in  the 
fifth  nauplius,  and  the  maxillae  make  their  first  appearance  as  a  pair 
of  buds  lying  just  below  the  maxillules.     The  maxillipeds  appear  in  the 
sixth  nauplius,  and  the  first  and  second  swimming  legs  are  present  as 
rudimentary  buds. 

The  copepodite  stages  are  best  distinguished  by  differences  in  the 
number  of  thoracic  and  abdominal  segments.     In  the  first  copepodite 
there  are  five  thoracic  and  one  abdominal  segments,  and  the  third  swim- 
ming legs  appear  as  rudimentary  buds.     There  are  no  setae  on  the  caudal 
rami  at  this  stage.    An  additional  thoracic  segment  is  added  in  the 
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second  copepodite,  and  lateral  setae  are  clearly  present  on  the  caudal 
rami.    Buds  of  the  fourth  swimming  legs  are  also  present  in  this  stage. 
From  this  stage  on,  the  number  of  thoracic  segments  remains  constant.  A 
second  abdominal  segment  is  added  in  the  third  copepodite,  bringing  the 
total  number  of  body  segments  to  eight. 

A  third  abdominal  segment  appears  in  copepodite  four,  and  it  is  now 
possible  to  distinguish  between  the  sexes.    The  rudimentary  fifth  legs 
appear  as  asymmetrical  branches  in  the  males  and  as  symmetrical  branches 
in  the  females.    Sexual  dimorphism  is  more  pronounced  in  the  fifth  cope- 
podite, as  males  add  a  fourth  abdominal  segment,  and  the  third  abdominal 
segment  of  females  is  laterally  expanded  at  the  midpoint.     The  inner 
margins  of  the  caudal  rami  are  hairless  in  both  sexes  in  this  stage.  By 
the  sixth  copepodite  (adult)  stage,  development  is  complete,  and  clear 
differences  between  the  sexes  are  evident  in  the  structure  of  the  fifth 
swimming  legs. 

The  final  number  of  abdominal  segments  in  the  adult  stage  is  six  for 
males  and  three  for  females.     In  addition,  males  contain  a  conspicuously 
geniculate  right  first  antenna  which  is  used  for  grasping  the  females 
during  mating.    Both  adult  males  and  females  have  well  developed  hairy 
margins  on  the  inner  surfaces  of  their  caudal  rami. 
Length-weight  estimates 

Length  and  weight  data  for  the  developmental  stages  of  Diaptomus 
mississippiensis  are  shown  in  Table  2-1 .     The  eggs  are  large  for  a 
species  of  this  body  size,  averaging  15.5%  of  the  mean  adult  female 
metasome  length  and  5.9%  of  the  mean  body  weight.     By  the  sixth  nau- 
plius,  animals  have  reached  34%  of  the  adult  female  length,  but  only  18% 
of  the  adult  female  weight.     The  largest  single  increase  in  length  and 
biomass  occurs  between  the  fifth  and  sixth  female  copepodites.     In  the 
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fifth  copepodite  males  and  females  are  roughly  equivalent  in  size  and 
weight,  but  when  fully  mature,  females  are  considerably  larger  and  heav- 
ier than  males. 

Comparison  of  the  length-weight  regression  for  Diaptomus 
mississippiensis  from  McCloud  Lake  (Table  2-2)  with  equations  from  the 
literature  is  problematic,  as  methodologies  and  means  of  reporting  data 
are  not  standardized.     Culver  et.  al.   (1985)  is  the  most  current  and 
thorough  source  of  length-weight  data  for  North  American  zooplankton 
species  and  was  considered  the  most  appropriate  source  for  comparison 
with  my  study.    However,  they  generate  separate  regressions  for  copepod 
nauplii  and  copepodites  and  do  not  include  data  for  Diaptomus 
mississippiensis.    The  slope  of  the  regression  line  for  my  combined 
model  (nauplius-adult)  is  below  the  lower  bound  of  their  95%  confidence 
interval  for  both  copepod  nauplii  and  copepodites.     Similar  regressions 
for  copepod  nauplii  and  copepodites  from  Europe  (Dumont  et  al.  1975; 
Bottrell  et  al.  1976)  and  Africa  (Burgis  1974)  also  show  much  higher 
slopes  than  I  report  here. 

Embryonic  and  postembryonic  development-times 

Results  of  egg-regression  experiments  at  15,  20,  25  and  30  C  are 
shown  in  Figure  2-2.     Development  times  range  from  1.28  +0.1  d  at  30  C 
to  5 .24  +  0.3  d  at  15  C.     An  important  assumption  of  this  technique  for 
measuring  development  times,  that  egg  production  and  hatching  are  con- 
tinuous, does  not  appear  to  be  seriously  violated  at  any  of  the  tempera- 
tures tested  in  this  study.    Furthermore,  egg  viability  exceeded  98%  in 
all  experiments. 

Egg  development-times  for  Diaptomus  mississippiensis  from  McCloud 
Lake  are  generally  in  good  agreement  with  Elmore's  (1983b)  estimates  us- 
ing regression  and  direct  methods  of  measurement.     The  only  significant 
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difference  appears  at  15  C,  where  I  report  a  development  time  (5.24  d), 
which  exceeds  Elmore's  regression  estimate  by  0.7  d. 

The  measured  egg  development-times  at  25  and  30  C  are  within  0.17  d 
of  those  predicted  by  a  general  model  for  Copepoda  (Bottrell  et  al. 
1976)  (Table  2-3,  Figure  2-3).     However,  the  measured  egg  development- 
times  at  15  and  20  C  are  0.87  d  higher  and  0.28  d  lower,  respectively, 
than  the  predicted  times  from  the  model. 

Postembryonic  development-times  for  different  temperature  and  food 
treatments  are  summarized  in  Table  2-4.     Results  of  factorial  analysis 
show  significant  main  treatment  (temperature)  and  interaction  (temper- 
ature X  food)  effects  for  naupliar  development-times  (Table  2-5). 
Copepodite  development-times  were  significantly  different  between 
temperatures,  but  the  temperature-food  interaction  was  not  significant. 

Duncan's  Multiple  Range  Test  was  used  to  determine  differences  be- 
tween specific  temperatures  at  both  high  and  low  food  levels,  and  t- 
tests  were  used  to  test  for  differences  between  food  levels  at  each 
temperature.     Naupliar  development-times  were  significantly  different 
(p<  0.01)  between  all  temperatures  at  both  food  levels  and  between  food 
levels  at  all  temperatures.     Copepodite  development-times  were  signific- 
antly different  between  all  temperatures,  but  there  was  no  significant 
difference  between  food  levels  at  any  of  the  temperatures  tested. 

The  small  sample  sizes  for  copepodite  development-times  were  the  re- 
sult of  high  mortality  (70-90%)  in  the  laboratory  cultures.  Mortality 
was  generally  attributed  to  food  depletion,   "container  effects"  and  bac- 
terial contamination.     Although  the  copepodites  which  reached  maturity 
appeared  healthy  and  were  equal  in  size  to  specimens  from  the  lake 
population,  estimates  of  development  times  should  be  interpreted  with 
caution. 
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Figure  2-3.     Relationship  between  temperature  and  egg  development-time 
for  Diaptomus  mississippiensis  and  Mesocyclops  edax  from 
McCloud  Lake.     General  models  for  calanoida  and  cyclopoida 
from  Bottrell  et  al.   (1976)  are  included  for  comparison. 
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Table  2-4.  Postembryonic  development-time  data  for 
Diaptomus  mississippiensis  determined  at  three  tem- 
peratures and  two  food  ( Chlamydomonas )  levels. 


Food 


C  N1-N6      CI-CVI  N1-N6  CI-CVI 


n  19  6  36  7 

X  13.68  25.20  12.89  24.30 

15            SD  1.21  5.80  1.17  4.90 

min  11.03  20.90  10.23  21.20 

max  15.48  28.20  15.88  27.20 


n  31  7  58  8 

X  6.33  18.62  5.89  17.40 

22            SD  0.91  4.70  0.64  3.80 

min  5.47  13.87  4.70  14.10 

max  9.60  21.52  7.73  20.96 


n  17  6  60  5 

X  4.70  11.64  3.60  11.50 

30            SD  0.81  1.61  0.82  3.96 

min  3.58  9.38  1.36  5.31 

max  6.65  12.96  5.25  16.32 


^2  X  10  cells/ml 
^1  X  10^  cells/ml 
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Table  2-5.    Analysis  (MOVA)  of  the  effects  of  temperature 
and  food  ( ChlamydoiPonas )  level  on  the  log  of  naupliar  and 
copepodite  development-times  for  Diaptomus  mississippiensis 
from  McCloud  Lake. 


significance 
d.f.  F  (p=0.01) 


nauplius 

source  of  variation 
in  development  time 


temperature 
food 

interaction 


2 
1 
2 


762.92 
22.82 
6.99 


* 
* 
* 


copepodite 

source  of  variation 
in  development  time 


temperaure 
food 

interaction 


2 
1 
2 


50.19 
0.76 
0.03 


NS 
NS 
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Mesocyclops  Edax 
Developmental  history 

Mesocyclops  edax  passes  through  the  same  thirteen  life-stages  de- 
scribed for  Diaptomus  but,  fortunately,  there  are  a  number  of  basic  dif 
ferences  in  body  structure  that  make  it  relatively  easy  to  distinguish 
between  the  early  developmental-stages  of  both  species.  Ovigerous 
Mesocyclops  females  carry  two  lateral  egg-sacs  on  their  genital  segment 
each  averaging  from  7  to  12  eggs.     In  McCloud  Lake,  ovigerous  females 
are  most  abundant  in  the  summer  and  fall  and  are  generally  not  found 
when  water  temperatures  drop  below  15-18  C. 

The  first  nauplius  is  distinctly  pear-shaped  and  has  three  paired 
appendages:  the  first  antennae,  second  antennae,  and  mandibles.  There 
are  two  setae  on  the  terminal  segment  of  the  first  antennae.    The  maxil 
lules  appear  as  a  pair  of  stout  setae  in  nauplius  two,  and  three  setae 
may  now  be  seen  on  the  terminal  segment  of  the  first  antennae.     The  ad- 
dition of  a  second  pair  of  anal  setae  distinguishes  the  third  nauplius. 
By  nauplius  four,  the  maxillules  are  present  as  a  pair  of  buds  contain- 
ing many  setae,  the  longest  of  which  extends  past  the  caudal  portion  of 
the  animal.    A  pair  of  anal  spines  may  be  seen  between  the  existing 
furcal  setae,  and  the  metasome  and  urosome  are  weakly  differentiated. 
In  nauplius  five,  the  anterior  portion  of  the  metasome  is  noticeably 
broader  and  tapers  abruptly  toward  the  posterior  margin.     The  metasome 
and  urosome  are  now  clearly  differentiated,  and  the  urosome  begins  to 
elongate.     Buds  of  the  first  and    second  swimming  legs  appear  in 
nauplius  six,  and  the  urosome  is  further  elongated. 

The  copepodite  stages  of  Mesocyclops  edax  are  best  identified  by 
counting  the  body  segments.     However,  unlike  calanoid  copepods  in  which 
the  major  body  articulation  occurs  between  the  somite  of  the  fifth  leg 
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and  genital  segment,  the  division  between  the  metasome  and  urosome  in 
cyclopoids  is  between  the  somites  of  the  fourth  and  fifth  legs. 

The  first  copepodite  has  a  three  segment  metasome  and  a  two  segment 
urosome.    In  the  second  copepodite  a  third  segment  is  added  to  the  uro- 
some.    By  copepodite  three  an  additional  segment  has  been  added  to  both 
the  metasome  and  urosome,  bringing  the  total  number  of  segments  in  each 
division  to  three  and  four,  respectively.    An  additional  segment  is 
added  to  the  urosome  in  both  copepodites  four  and  five.    By  the  fifth 
copepodite  the  sexes  may  be  clearly  distinguished,  as  the  males  are  much 
smaller  than  the  females,  and  both  the  right  and  left  first  antennae  of 
the  males  are  geniculate. 

The  urosome  of  the  male  contains  six  segments  in  the  adult.  There 
is  no  increase  in  segmentation  in  adult  females,  but  they  can  be  easily 
distinguished  from  the  fifth  copepodite,  as  the  terminal  segment  of  the 
urosome  in  adults  is  narrower  than  the  segment  which  precedes  it.  The 
structure  of  the  fifth  leg  and  the  appearance  of  marginal  denticles  on 
the  terminal  segment  of  the  first  antennae  of  adult  females  are  diagnos- 
tic for  Mesocyclops  edax  (Edmondson  1959). 
Length-weight  estimates 

Length  and  weight  data  for  the  developmental  stages  of  Mesocyclops 
edax  are  presented  in  Table  2-6.     Compared  to  Diaptomus 
mississippiensis,  the  eggs  of  this  species  are  much  smaller,  averaging 
only  1.6%  of  the  mean  adult  female  biomass.     The  sixth  nauplius  repre- 
sents a  similar  fraction  of  the  adult  female  body-size  (ca.  34%)  but  is 
considerably  lighter,  averaging  only  7.9%  of  the  mean  adult  female 
weight . 

A  large  increase  in  biomass  occurs  during  development  from  the  sixth 
nauplius  to  the  first  copepodite.     The  largest  increase  in  weight  occurs 
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for  females  between  the  fourth  through  the  sixth  copepodite  sjtages. 
Fifth  copepodite  and  adult  females  are  substantially  larger  and  heavier 
than  their  male  counterparts.    The  largest  adult  females  of  this  species 
attain  weights  of  5.2  ug/individual  in  McCloud  Lake. 

The  length-weight  regression  for  Mesocyclops  edax  from  McCloud  Lake 
(Table  2-2)  compares  favorably  with  the  regression  for  cyclopoid  nauplii 
cited  in  Culver  et  al.  (1985),  but  the  slope  and  intercept  are  both  low- 
er than  in  their  regression  for  non-ovigerous  females  (CI-CVI).  The 
slopes  and  intercepts  of  the  regression  for  adult  cyclopoida  (females 
with  eggs  excluded)  in  Dumont  et  al.  (1975)  and  the  pooled  equation  in 
Burgis  (1974)  are  also  larger  than  those  reported  here. 

The  slopes  and  intercepts  of  the  length-weight  regressions  for 
Diaptomus  mississippiensis  and  Mesocyclops  edax  are  not  statistically 
different  (p<0.05)  (Figure  2-4).     Diaptomus  mississippiensis  and 
Mesocyclops  edax  are  roughly  equivalent  in  length  up  to  the  sixth  nau- 
plius  (Figure  2-5).    Diaptomus  exceeds  the  length  of  Mesocyclops  in  each 
of  the  copepodite  stages,  with  the  exception  of  the  adult  female. 
Diaptomus  is  heavier  than  Mesocyclops  in  all  life-stages  except  for  the 
fifth  and  sixth  copepodite  females  (Figure  2-6).    Female  fifth  and  sixth 
copepodites  of  Mesocyclops  exhibited  the  greatest  variation  in  body- 
length  of  all  stages  examined. 
Embryonic  development-times 

The  results  of  egg  regression  experiments  for  Mesocyclops  edax  at 
20,  25  and  30  C  are  shown  in  Figure  2-7  and  Table  2-4.     Ovigerous  fe- 
males were  scarce  at  lower  water  temperatures,  and  it  was  not  possible 
to  collect  sufficient  numbers  to  estimate  egg  development-time  at  15  C. 
Egg  development-times  ranged  from  1.5  d  at  30  C  to  3.54  d  at  20  C.  Egg 
development-times  at  20,  25  and  30  C  exceeded  estimates  from  a  general 
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In  length  (mm) 

Figure  2-4.     Regression  relationship  between  the  natural  logs 
of  body-length  and  dry  weight  f or . Diaptomus 
mlssissippiensis  and  Mesocyclops  edax  from 
McCloud  Lake. 
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Figure  2-7.     Results  of  egg-regression  experiments  at  20,  25  and  30 
for  Mesocyclops  edax  from  McCloud  Lake. 
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model  for  cyclopolda  (Bottrell  et  al.  1976)  by  1.01,  0.47  and  0.23  d, 
respectively. 

The  only  other  estimates  of  Mesocyclops  edax  development  times  from 
Florida  appear  in  Wyngaard  et  al.'s  (1982)  work  on  eutrophic  Lake 
Thonotosassa.    Their  estimates  at  25  and  30  C  using  the  regression 
method  are,  respectively,  0.18  d  and  0.33  d  lower  than  mine.    The  calcu- 
lated development  time  at  15  C  from  my  quadratic  equation  exceeds  their 
measured  value  at  this  temperature  by  0.98  d. 

Discussion 

A  thorough  understanding  of  life-cycles  is  fundamental  to  many  stud- 
ies of  copepod  population  ecology.    Copepods  exhibit  many  behavioral 
changes  during  development  that  dramatically  influence  the  structure  and 
dynamics  of  aquatic  communities.    Feeding  behavior  and  mobility  are  per- 
haps the  two  most  important  characteristics  which  change  as  copepods 
pass  from  the  naupliar  to  the  copepodite  stages.    Nauplii  are  restricted 
to  feeding  on  a  much  smaller  range  of  particle  sizes,  and  their  vertical 
movement  in  the  water  column  is  generally  less  than  or  out  of  phase  with 
copepodites  (Gerritsen  1978;  Williamson  1986;  Epp  and  Lewis  1979;  Zaret 
and  Sufferen  1976;  Redfield  and  Goldman  1980).    Likewise,  patterns  of 
vertical  migration  are  highly  species  (and  life-stage)  specific,  and  are 
influenced  by  many  factors  including  seasonal  changes  in  light  and  tem- 
perature and  the  type  and  abundance  of  predators  (Williamson  1986; 
McLaren  1963;  Zaret  1978;  Gerritsen  1978).  The  feeding  preferences  of 
nauplii  and  copepodites  often  differ  greatly  between  species  and  between 
populations  from  different  habitats  (Richman  et,  al.  1980;  McNaught  et 
al.  1980;  Dagg  1977;  Kerfoot  1977). 

Many  cyclopoid  copepods  gradually  shift  from  herbivory  to  omnivory 
or  carnivory  as  they  enter  the  copepodite  stages  (Williamson  1986; 
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Brandl  and  Fernando  1978).    However,  many  species  have  been  shown  to  ex- 
hibit a  high  degree  of  pJ.asticity  in  feeding  behavior,  often  in  response 
to  seasonal  changes  in  food  resources,  predation  pressure,  or  competi- 
tion (Bogdan  and  McNaught  1975;  Nilssen  1978;  Williamson  1986).     The  im- 
pact of  selective  grazing  on  phytoplankton  (McCauley  and  Briand  1979) 
and  zooplankton  (Lane  1975;  Neill  1975;  McNaught  1975)  community  struc- 
ture and  of  vertical  migration  on  nutrient  cycling  (Peters  1975)  and 
zooplankton  energetics  (Enright  1977;  Confer  and  Blades  1975;  McLaren 
1963)  has  received  wide  attention. 

Different  species  and  life-stages  of  copepods  clearly  exhibit  dif- 
ferent behavioral  characteristics  and  assume  different  functional  roles 
in  lake  ecosystems.     This  indicates  that  detailed  studies  of  zooplankton 
community  dynamics  should  attempt  to  resolve  counts  of  total  copepods  or 
species  numbers  into  separate  abundance  categories  for  individual  life- 
stages. 

The  developmental  histories  of  Diaptomus  mississippiensis  and 
Mesocyclops  edax  in  McCloud  Lake  closely  follow  the  basic  patterns  de- 
scribed for  related  calanoid  and  cyclopoid  species  by  Comita  and 
Tommerdahl  (1960),  Gurney  (1931)  and  Ewers  (1930).    The  morphological 
characters  which  are  diagnostic  for  individual  life-stages  appear  to  be 
fairly  constant  within  both  of  these  subdivisions  of  Copepoda.     One  ex- 
ception, however,  is  the  appearance  of  caudal  spines  in  the  third  nau- 
pllus  of  Diaptomus  mississippiensis .     In  Comita  and  Tommerdahl's  (1960) 
work  on  D.  slclloides  they  do  not  report  the  appearance  of  caudal  spines 
until  the  fourth  nauplius.     Although  there  are  probably  additional  dif- 
ferences in  the  minute  structure  of  various  appendages,  the  previously 
mentioned  sources  appear  to  be  adequate  for  separating  the  life-stages 
of  most  calanoids  and  cyclopoids. 
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McCloud  Lake  was  a  fortunate  choice  for  studying  copepod  life-cycles 
as  it  contains  only  one  species  of  Diaptomus .     The  three  species  of 
Diaptomus  which  are  common  in  Florida  lakes  are  similar  in  size  and  have 
juvenile  stages  which  are  difficult  to  separate.     In  a  recent  survey  of 
rotifer  communities  in  80  softwater  Florida  lakes  (Bienert  1985),  ap- 
proximately 90%  of  the  lakes  examined  contained  both  D.  mississippiensls 
and  D.  floridanus.     The  remaining  species  in  this  genus,  D.  dorsalis, 
appears  to  be  food  limited  in  oligotrophic  lakes  and  seldom  co-occurs 
with  the  other  two  species  (Elmore  1983a).    Diaptomus  spp.  is  by  far  the 
single  most  important  grazer  in    oligotrophic  Florida  lakes  (Bays  and 
Crisman  1983;  Bienert  1982;  Blancher  198A).    Mesocyclops  edax  is  a 
common  and  widespread  limnetic  copepod,  and  is  often  the  dominant 
cyclopoid  in  Florida  lakes  (Wyngaard  et  al.  1982).    In  McCloud  Lake 
Diaptomus  mississippiensls  and  Mesocyclops  edax  routinely  account  for 
greater  than  70-80%  of  total  zooplankton  biomass. 

Little  is  known  about  the  natural  history  and  life-cycles  of  copepod 
populations  in  subtropical  Florida.    Most  papers  on  copepod  life-cycles 
and  life-history  features  have  concentrated  on  temperate  populations. 
Even  theoretical  discussions  on  the  evolution  and  adaptive  significance 
of  zooplankton  life-history  characteristics  (Nilssen  1978;  Allan  and 
Goulden  1980;  Lynch  1980)  fail  to  adequately  consider  the  warmer  lati- 
tudes.    Temperate  copepods  are  univoltine,  exhibit  a  cohort  age-struc- 
ture and  overwinter  as  late  stage  copepodites  or  adults.     In  contrast, 
subtropical  copepods  are  multivoltine,  have  completely  overlapping 
generations,  and  do  not  undergo  diapause. 

It  seems  reasonable  that  subtropical  and  tropical  copepod  popula- 
tions have  evolved  under  different  selection  pressures  associated  with 
the  seasonal  distribution  of  food  resources  and  predators,  and  physical 
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factors  such  as  light  and  temperature.    Interestingly,  reports  of  nat- 
ural populations  of  copepods  exhibiting  stable  age-distributions  are 
rare  and  so  far  have  been  confined  to  subtropical  (Gophen  1978;  Wyngaard 
et  al.  1982)  and  tropical  (Burgis  1970)  lakes.    The  lack  of  cohort  age- 
structure  in  tropical  and  subtropical  populations  precludes  the  con- 
struction of  life-tables  from  field  data  for  the  purpose  of  estimating 
many  important  population  parameters.     This  may,  in  part,  account  for 
the  paucity  of  life-history  data  from  the  lower  latitudes. 

Length-weight  regressions  for  Diaptomus  mississippiensis  and 
Mesocyclops  edax  suggest  that  individual  zooplankters  in  McCloud  Lake 
weigh  relatively  less  per  unit  size  than  the  same  or  related  species 
from  primarily  temperate  areas.     It  is  tempting  to  conclude  that  this  is 
related  to  food  levels,  as  there  is  evidence  that  populations  are  food 
limited  in  McCloud  Lake  (Chapter  3).     However,  there  are  a  number  of 
reasons  why  direct  comparisons  with  other  studies  may  be  ill  advised. 
For  instance,  in  this  study  I  used  a  combined  (egg-nauplius-copepodite) 
length-weight  regression  for  each  species  which  ignores  the  rather  pro- 
nounced morphological  changes  which  occur  during  development .    A  direct 
consequence  of  this  is  that  predicted  weights  for  nauplii  and  cope- 
podites  probably  overestimate  and  underestimate,  respectively,  the  ac- 
tual weights  of  these  stages.     The  use  of  formalin  preserved  zooplankton 
can  probably  be  ignored  as  a  source  of  variation.    Formalin  coagulates 
proteins  which  block  body  pores,  resulting  in  stable  weights  over  rea- 
sonably long  periods  of  time  (Bottrell  et  al.  1976).    Dumont  et  al. 
(1975)  suggest  that  if  weight  loss  occurs  during  preservation,  it  is 
probably  less  than  5-10%  of  fresh  weight. 

The  use  of  a  pooled  sample  may  have  been  an  unfortunate  choice,  how- 
ever, because  it  does  not  allow  comparisons  between  seasonal  periods 
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which  reflect  different  levels  of  food  availability.    Persson  and  Ekbohm 
(1980)  report  considerable  seasonal  variation  in  copepod  weights  and,  in 
addition,  show  that  changes  in  weight  do  not  always  correlate  positively 
with  body-length.    Not  unexpectedly,  their  highest  weights  were  recorded 
for  well  nourished  populations  in  the  fall,  and  their  lowest  weights 
were  found  in  the  spring  as  populations  emerge  from  overwintering.  They 
also  report  that  the  stage  in  the  molt  cycle  has  an  influence  on  weight. 
Immediately  after  molting,  zooplankton  species  in  their  study  increased 
in  length  up  to  15-20%,  but  there  was  no  corresponding  change  in  weight 
at  that  instant  in  time.     Gamete  production  should  also  not  be  ignored 
as  a  source  of  weight  variation.    Females  containing  eggs  in  their 
ovaries  are  often  indistinguishable  from  non-gravid  females,  although 
they  may  be  considerably  heavier. 

Egg  development-times  for  Diaptomus  mississippiensis  and  Mesocyclops 
edax  fit  the  same  inverse  curvlinear  function  described  for  other  cope- 
pod  species  (Herzig  1983).    Development  times  at  a  given  temperature  are 
in  good  agreement  with  other  estimates  from  Florida  but,  as  expected, 
vary  somewhat  from  data  for  populations  from  other  geographic  areas. 
Once  eggs  are  laid,  it  is  generally  agreed  that  development  time  is  a 
strict  function  of  temperature  (Bottrell  et  al.  1976). 

Elster  (1954)  concluded  that  egg  development  was  relatively  insensi- 
tive to  pH  and  water  quality.     However,  a  host  of  genetic  and  environ- 
mental factors  have  an  indirect  bearing  on  development  times.  Maternal 
size  and  nutrition  affect  egg  size  (Kerfoot  1974;  Whitehouse  and  Lewis 
1973;  Bottrell  et  al.  1976),  which  is  positively  correlated  with  dev- 
elopment time  (Allan  and  Goulden  1980).     Widely  distributed  species 
often  show  large  variation  in  egg  and  clutch  size  which  appears  to  be  at 
least  partially  correlated  with  temperature  (^'Jhitehouse  and  Lewis  1973* 
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Smyly  1974;  Coker  1933).    Green  (1966)  suggests  that  large  eggs  produce 
larger  neonates,  reducing  the  time  to  first  reproduction  and,  therefore, 
that  large  eggs  may  be  an  adaptation  to  compensate  for  longer  devel- 
opment times  associated  with  colder  climates.    An  additional  benefit  to 
producing  larger  young  is  that  it  increases  survivorship  when  food  is 
scarce  (Gilyarov  1982). 

While  light  does  not  appear  to  have  a  direct  effect  on  egg  develop- 
ment-time, there  is  a  strong  relationship  between  light  conditions  and 
egg  laying  (Gophen  1978;  Elmore  1983b).    Gophen  (1978)  suggests  that  the 
influence  of  light  is  probably  indirect.  Swimming  activity  in  the  dark 
is  reduced  while  feeding  activity  is  high,  consequently,  the  flow  of  en- 
ergy to  egg  production  is  accelerated  at  night. 

Diel  periodicity  in  egg  laying  can  be  an  important  source  of  error 
in  using  the  regression  method  for  calculating  development  times. 
Elmore  (1983b)  measured  egg  development-times  for  all  three  Florida  di- 
aptomids,  but  only  found  strong  diel  periodicity  in  egg  laying  for  D. 
dorsalis .     Wyngaard  et  al.   (1982)    mention  that  egg  hatching  was  con- 
tinuous for  populations  of  Mesocyclops  edax  from  Florida  but,  unfortu- 
nately, do  not  discuss  periodicity  of  egg  laying. 

Care  must  be  taken  in  interpreting  the  regression  plot  of  ovigerous 
females  versus  time.    A  low  error  sum  of  squares  only  implies  that 
hatching  is  continuous  and  does  not  guarantee  that  samples  are  from  a 
population  in  which  egg  ages  are  normally  distributed.    Direct  methods 
of  measuring  egg  development-times  are  more  tedious  but  result  in  more 
accurate  estimates  if  sufficient  numbers  of  animals  are  used  (Bottrell 
et  al.  1976).    Burgis  (1970)  obtained  comparable  results  using  both 
methods,  and  Elmore  (1983b)  found  insignificant  differences  between  the 
two  techniques  in  five  of  eight  comparisons. 
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Postembryonic  development  in  Dlaptomus  mississipplensis  shows 
greater  growth  inhibition  at  lower  temperatures  than  seen  for  the  egg 
stage  (Figure  2-8).     Unfortunately,  extrapolating  laboratory  estimates 
of  postembryonic  development-times  to  in  situ  conditions  is  often  a 
rough  approximation  at  best.     Unlike  egg  development,  v/hich  seems  to  be 
primarily  related  to  water  temperature,  postembryonic  development  is 
influenced  by  the  interaction  of  temperature  and  the  quality  and  avail- 
ability of  food  resources  (Bottrell  et  al.  1976).    However,  manipulating 
natural  food  assemblages  in  the  laboratory  introduces  many  additional 
problems,  and  most  measurements  have  been  made  by  varying  the  quantity 
of  a  unialgal  food  source  (Munro  1974;  Elmore  1983a;  tVhitehouse  and 
Lewis  1973).    Many  early  studies  have  ignored  the  effect  of  food  alto- 
gether (Bottrell  et  al.   1976;  Smyly  1961). 

Elmore  (1982)  found  that  low  food  (Chlamydomonas  reinhardti)  levels 
led  to  decreased  development  times,  clutch  size  and  survivorship  in 
Diaptomus  dorsalis.    He  also  reports  that  container  volume  has  an  indi- 
rect effect  on  development  time  by  influencing  food  availability. 

My  results  tend  to  support  Elmore's  claim  that  nauplii  may  be  more 
efficient  feeders  on  small  food  items,  like  Chlamydomonas .    When  raised 
on  natural  food  assemblages,  Elmore  (1982)  shows  that  copepodite  devel- 
opment-times increase  and  naupliar  development-times  are  unchanged.  I 
did  not  run  any  experiments  using  natural  food,  although  I  found  that  a 
diet  of  Chlamydomonas  was  unsatisfactory  for  maintaining  Diaptomus 
mississipplensis  copepodites. 

Williamson  et  al.   (1985)  discuss  problems  related  to  food  depletion 
and  bacterial  contamination  in  copepod  cultures.     I  suspect  that  these 
factors  are  largely  responsible  for  the  high  mortality  I  report  here. 
Even  when  using  widely  different  concentrations  of  a  unialgal  food,  it 
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Figure  2-8. 


Effect  of  temperature  on  the  egg,  naupliar 
copepodite  development  times  of  Diaptomus 
mississippiensis  from  McCloud  Lake. 


and 
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is  sometimes  difficult  to  precisely  regulate  food  availability.  I  sus- 
pect that  the  range  of  development  times  measured  for  each  temperature- 
food  treatment  in  this  study  underestimate  actual  development  times  un- 
der natural  conditions.  By  selectively  feeding  on  qualitatively  supe- 
rior food  and  by  feeding  in  microscale  "patches"  (Dagg  1977)  where  food 
is  more  abundant,  lake  populations  probably  minimize  the  effect  of  low 
"average"  food  conditions. 

Feeding  under  natural  conditions  has  additional  advantages  that  al- 
low populations  to  maximize  growth  rates.    Natural  populations  are  ex- 
posed to  a  heterogeneous  supply  of  food-particle  shapes  and  sizes,  al- 
lowing individual  life-stages  to  maximize  filtration  rates  and,  conse- 
quently, energy  intake.    Vertical  migration,  especially  during  periods 
of  stratification,  may  also  provide  additional  benefits.    McLaren  (1963) 
proposes  that  zooplankton  which  maximize  their  feeding  effort  at  night 
by  migrating  to  the  food-rich  surface  waters  obtain  an  additional  energy 
benefit  by  remaining  in  the  cooler  bottom  waters  during  the  day,  where 
metabolic  losses  are  reduced. 

In  terms  of  production  dynamics,  it  is  of  interest  to  compare  the 
relative  biotic  potential  of  subtropical  and  tropical  versus  temperate 
copepod  populations.     It  might  seem  reasonable  that  because  of  higher 
mean  annual  temperatures  and  less  seasonal  variability  in  food  supply, 
warm  water  species  would  be  predicted  to  have  a  higher  relative  life- 
time reproductive  output.     This,  however,  may  not  be  a  correct  assump- 
tion because  of  the  negative  relationship  between  temperature  and 
longevity  (Gophen  1976;  Vijverg  1980).    Gophen  (1976)  points  out  that 
increasing  temperatures  are  associated  with  a  higher  rate  of  instar  de- 
velopment and  greater  egg  production,  and  that  at  the  highest  tempera- 
tures less  energy  is  apportioned  to  maintenance,  resulting  in  smaller 
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body-size  of  adults  and  reduced  longevity.    A  poslnive  relationship  be- 
tween adult  body-size  and  clutch  size  (McLaren  1965;  Smyly  1968,1970; 
Ravera  and  Tonolli  1956)  may  be  offset  by  the  decreased  development  time 
of  smaller  eggs  (McLaren  1965).     Geographic  variation  in  the  structure 
of  zooplankton  communities  and  the  relative  influence  of  predation  and 
competition  may  be  as  important  as  length  of  growing  season  in  affecting 
annual  production,  and  further  confounds  efforts  to  make  comparisons 
across  latitudinal  gradients. 


CHAPTER  III 
TROPHIC  ECOLOGY  AND  POPULATION  DYNAMICS 

Introduction 

Much  of  the  past  research  in  zooplankton  ecology  has  focused  on  un- 
derstanding the  important  processes  and  factors  which  are  involved  in 
regulating  community  structure  and  dynamics.    The  bulk  of  this  work  has 
emphasized  the  role  of  predation  and  competition,  although  most  studies 
acknowledge  the  importance  of  abiotic  interactions,  especially  those  in- 
volving temperature.    Still,  many  aspects  of  zooplankton  ecology  have 
been  poorly  studied.    One  area  which  appears  to  be  attracting  special 
attention  is  the  feeding  ecology  of  zooplankton  and  the  role  of  food 
quality  and  availability  in  the  regulation  of  population  dynamics. 

Differential  utilization  of  food  resources  has  been  suggested  as  an 
important  mechanism  promoting  coexistence  among  zooplankton  species 
(Allan  1976;  Threlkeld  1976).    Different  groups  of  limnetic  zooplankton 
(i.e.  Cladocera,  Copepoda  and  Rotifera)  show  wide  variation  in  feeding 
behavior  when  exposed  to  a  heterogeneous  food  supply.    As  a  group  zoo- 
plankton display  a  considerable  range  of  morphological  and  behavioral 
adaptations  which  determine  their  ability  to  exploit  shifts  in  both  the 
quality  and  rate  of  resource  supply.    Detailed  studies  of  the  feeding 
mechanics  and  relative  feeding  efficiencies  of  different  zooplankton 
species  have  provided  important  clues  in  understanding  both  the  extent 
and  consequences  of  resource  partitioning  in  aquatic  habitats  (McNaught 
et  al.  1980;  Gliwicz  1980). 


A2 


43 

Earlier  studies  emphasized  the  different  feeding  patterns  of  zoo- 
plankton  species  by  grouping  them  into  broad  categories  such  as  "feeding 
generalists"  or  "feeding  specialists."    However,  it  is  now  recognized 
that  most  species  display  some  degree  of  flexibility  in  feeding  behav- 
ior, and  that  feeding  strategies  can  be  adapted  to  different  temporal 
and  spatial  scales  of  food  quality  and  availability  (Gliwicz  1980;  Meise 
et  al.  1985).    Even  closely  related  species  can  reduce  competition  for 
limiting  food  resources  by  adopting  feeding  patterns  which  minimize 
overlap  in  the  types  and  sizes  of  food  particles  consumed.     Still,  basic 
differences  in  feeding  mechanics  and  overall  feeding  efficiency  exist 
between  zooplankton  species  and  may  explain,  in  part,  why  some  species 
are  able  to  dominate  certain  habitats  while  others  are  either  maintained 
in  low  densities  or  do  not  occur. 

Food  limitation  is  gaining  acceptance  as  a  powerful  selective  force 
which  influences  the  structure  of  aquatic  communities.     Several  theories 
have  been  advanced  suggesting  that  resistance  to  starvation  may  be  a 
significant  factor  in  determining  a  species  competitive  ability  in  food 
limited  environments  (Threlkeld  1976;  Dagg  1977;  Lampert  and  Schober 
1980).    Unfortunately,  it  is  very  difficult  to  test  the  general  applica- 
tion of  these  theories  under  natural  conditions.    For  instance,  there  is 
no  standard  measure  of  what  constitutes  limiting  food  levels  for  a  given 
population.     Moreover,  shifts  in  food  quality  or  abundance  can  occur 
over  relatively  short  time  scales  and  may  go  undetected  during  routine 
sampling.    Also,  efforts  to  characterize  resource  quality  are  generally 
limited  by  inadequate  data  concerning  the  natural  diets  of  zooplankton. 

It  is  generally  assumed  that  in  addition  to  phytoplankton  many  zoo- 
plankton species  must  utilize  alternative  food  sources,  such  as 
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bacterioplankton  or  detritus,  to  meet  their  energy  needs.    However,  only 
a  limited  number  of  studies  on  zooplankton  seasonality  have  examined 
food  resources  in  sufficient  detail  to  evaluate  the  relative  importance 
of  different  food  types  in  zooplankton  nutrition. 

This  chapter  examines  1)  the  relationship  between  the  densities  of 
discrete  food-resource  categories  and  zooplankton  community  structure, 
seasonality  and  population  dynamics  in  an  oligotrophic,  softwater  lake, 
2)  the  influence  of  temperature-food  interactions  on  zooplankton  popula- 
tion growth-rates  and  succession,  and  3)  the  general  significance  of 
food  limitation  in  the  regulation  of  zooplankton  population  dynamics. 
In  addition,  estimates  of  secondary  production  are  presented  for  the 
copepod,  Diaptomus  mississippiensis . 

Methods 

All  sampling  was  conducted  at  intervals  of  4-7  days  during  1984  at 
two  permanent  stations  located  in  the  deepest  portion  of  McCloud  Lake. 
Samples  were  collected  between  0800-1000  h  on  each  date. 
Physical  Parameters 

Dissolved  oxygen  and  temperature  were  measured  at  the  surface  and  at 
1  m  intervals  to  the  bottom  of  the  water  column  using  a  YSI  Model  54 
DO/Temperature  meter.     The  pH  was  determined  (Orion  Model  601A  Digital 
lonalyzer)  on  a  composite  sample  collected  by  pooling  water  at  each 
depth  interval  with  a  2,2  1  plastic  Kemmerer  bottle.     Water  transparency 
was  measured  using  a  standard  20  cm  Secchi  disk.    Additional  physical 
and  chemical  data  for  McCloud  Lake  were  obtained  from  Ogburn  (1983). 
Zooplankton 

Zooplankton  samples  were  collected  with  a  Wisconsin-style  zooplank- 
ton net  (11.5  cm  mouth  diameter,  76  um  mesh)  and  preserved  in  a  4% 
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formalin-sucrose  (40  g/l)(Haney  and  Hall  1972)  solution  stained  with 
Rose  Bengal.    A  single  vertical  haul  from  approximately  3  cm  above  the 
sediments  to  the  lake  surface  was  taken  at  both  midlake  stations.  A 
third  station  was  sampled  at  the  midpoint  of  each  month  from  April  to 
December,  and  duplicate  tows  were  collected  at  each  station  on  these 
dates.     Samples  were  concentrated  to  60  ml  and  generally  represented  be- 
tween 46-62  1  of  lake  water. 

Replicate  aliquots  (1-2  ml)  were  placed  in  a  plankton  counting  wheel 
(Wildco  Instruments)  and  were  sorted  and  counted  using  a  Nikon  SMZ-10 
dissecting  microscope.    A  Leitz  Ortholux  compound  microscope  was  used 
when  higher  magnifications  were  needed  to  confirm  identifications.  Zoo- 
plankton  were  identified  according  to  Edmondson  (1959),  Koste  (1978), 
Deevey  and  Deevey  (1971)  and  Korinek  (1981). 

From  200-400  zooplankters  were  counted  for  each  sample.     Larger  vol- 
umes of  sample  (5-10  ml)  were  added  to  the  wheel  until  at  least  ICQ  eggs 
of  each  of  the  dominant  zooplankton  species  were  counted.     Egg  sacs  of 
Mesocyclops  edax  were  dissected  before  counting.    Adjacent  life-stages 
(i.e.  Nl-2,  N3-4  etc.)  of  the  dominant  copepod  species  were  combined 
during  counting,  and  all  cladocerans  were  segregated  into  discrete  size- 
categories.    Length-weight  regressions  (Chapter  2)  were  used  to  obtain 
biomass  estimates  for  Diaptomus  mississippiensis  and  Mesocyclops  edax. 
Weights  for  the  remaining  species  were  calculated  using  regression  equa- 
tions from  the  literature  (Culver  et  al.  1985;  Dumont  et  al.  1975; 
Doohan  and  Rainbow  1971;  Bottrell  et  al.  1976). 

Samples  for  ciliated  protozoans  were  taken  from  the  composite  sample 
previously  mentioned  and  preserved  with  2%  Lugol's  solution.  Duplicate 
5-20  ml  aliquots  were  counted  by  Utermohl  sedimentation  (Lund  et  al. 
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1958)  using  a  Leitz  Diavert  inverted  microscope.     Volumes  for  each  cili- 

ate  were  calculated  by  geometric  approximation.    Wet  weights  were  deter- 

3 

mined  using  the  conversion  factor  (0.787  pg/um  )  in  Gates  et^  al.  (1982). 
Dry  weights  were  assumed  to  represent  10%  of  the  wet  weights. 

Estimates  of  selected  population  parameters  were  made  for  Diaptomus 
mississippiensis  and  Mesocyclops  edax.    The  finite  (B)  and  instantaneous 
(b)  per  capita  birth  rates  were  calculated  according  to  Edmondson 
(1960),  where 

B=  E/D,  and 

E=  ratio  eggsrfemale 

D=  egg  development-time  in  days,  and 

b=  ln(B  +  1)/D 

Egg  development-times  were  calculated  for  each  sampling  date  for  both 
species  using  the  regression  equations  from  Chapter  2.     The  population 

growth  rate  (r)  was  calculated  from: 

_  lnNt„  InNt, 
r-         I  -  1,  where 

H  -  h 

Nt^,  Nt2=  population  sizes  at  time  t^  and  t2 
The  total  number  of  females  (N)  was  determined  after  Wyngaard  et  al. 
(1982),  where  N=  0.5(no.  nauplii)  +  (proportion  of  females  in  adult  pop- 
ulation)(no.  copepodites)  +  (no.  of  adult  females).     The  population 
death  rate  (d)  was  estimated  from: 
d=  b-r 

Production  estimates  for  Diaptomus  mississippiensis  were  obtained 

according  to  the  methods  of  Pederson  et  al.   (1976),  where: 

N  .dW    _^  N  .dW    _^  N  .dW  J 

P-  _e  e  +  _n  n  +  _c  c,  and 

T  T  T 

e  n  c 

3' 

P-  production  expressed  in  ug/m  /d 
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N^,N^,N^=  estimates  of  egg,  nauplll  and  copepodite  abi?ndance/m 

dW  ,dW  ,dV7  =  weight  increments  for  egg,  naupliar  and  copepodite 
stages  in  ug 

T  ,T  ,T  =  duration  times  for  egg,  naupliar  and  copepodite 
stages  in  days 

Production  estimates  for  different  time  periods  or  seasons  (i.e.  month- 
ly, annual)  were  made  by  summing  the  daily  production  values  over  the 
desired  interval  and  assuming  that  rates  of  change  between  adjacent  sam- 
pling dates  are  linear.     Monthly  and  annual  means  were  calculated  from 
the  arithmetic  average  of  daily  (interpolated)  production  estimates. 
Food  Resources 

Bacterioplankton  were  preserved  in  4%  neutral ized-formalin  and  enu- 
merated using  direct  epif luorescence  microscopy  (Hobbie  et  al.  1977). 
Duplicate  1-2  ml  aliquots  of  sample  were  incubated  with  acridine-orange 
and  filtered  through  0.2  um  Nuclepore  filters  which  had  been  stained 
with  Irgilin  Black  to  reduce  autof luorescence .    The  filters  were  cleared 
with  immersion  oil  and  at  least  200  bacteria  were  counted  using  a  Leitz 
Dialux  epif luorescence  microscope. 

Phytoplankton  samples  were  obtained  from  the  composite  sample  col- 
lected for  pH  and  protozoans,  and  were  preserved  with  2%  Lugol's  solu- 
tion.   Duplicate  aliquots  (5-15  ml)  were  concentrated  by  Utermohl  sedi- 
mentation and  counts  were  performed  using  an  inverted  microscope.  Indi- 
vidual cells,  filaments  and  colonies  were  tabulated  according  to  size 
criteria  based  on  the  greatest  axial  linear  dimension  (GALD)  and  second 
greatest  axial  linear  dimension  (SGALD).     Random  fields  were  counted  at 
three  magnifications  (10,  40,  lOOX)  to  provide  equivalent  estimates  of 
cell  densities  in  each  size  class.     At  least  50-200  cells  were  counted 
at  each  magnification.     Dominant  species  were  identified  according  to 


48 


Prescott  (1962)  and  Whitford  and  Schumacher  (1973).    Uncorrected  chloro- 
phyll a  was  calculated  using  the  equations  of  Parsons  and  Strickland 
(1963). 

Statistical  Analyses 

The  effects  of  spatial  variability  on  abundance  estimates  for  major 
zooplankton  components  were  assessed  in  April,  August  and  December  of 
1984.    Six  random  open-water  stations  were  selected  on  each  date  from  an 
area  which  included  approximately  75%  of  the  lake  surface.    A  3-5  m  mar- 
gin near  the  shore  line  was  excluded  from  the  sampling  area  to  reduce 
possible  bias  introduced  by  collecting  littoral  zooplankton.  Differ- 
ences between  stations  in  the  log  transfered  abundances  of  18  zooplank- 
ton variables  were  evaluated  using  an  ANOVA  model  (Freund  and  Littell 
1981). 

Relationships  between  zooplankton  and  temperature  and  food  parame- 
ters were  evaluated  using  correlation  analysis  (Ray  1982).  Unless 
otherwise  noted,  correlations  were  calculated  using  log  transformed 
(log(X+l))  variables  and  all  correlations  presented  are  significant  at 
the  alpha=  0.05  level.    All  statistical  analyses  were  performed  using 
the  computer  facilities  available  through  the  Northeast  Regional  Data 
Center  at  the  University  of  Florida. 

Results 

Physical  and  Chemical  Parameters 

The  mean  water-column  temperature  in  McCloud  Lake  ranged  from  12.0  C 
in  January  to  30.2  C  in  August  (Figure  3-1).     Hypolimnetic  temperatures 
were  frequently  1.0-2.5  C  below  surface  temperatures  from  January  to 
late-May,  but  there  was  no  evidence  of  thermal  stratification  after 


Figure  3-1.     Physical  and  chemical  data  from  McCloud  Lake:  A)  tem- 
perature, B)  dissolved  oxygen,  C)  water  transparency 
and  D)  pH. 
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June.  Lake  temperatures  were  consistently  greater  than  2.5  C  from  early- 
May  to  late-September. 

Dissolved  oxygen  (%  saturation)  ranged  from  63.0  to  100.0%  at  the 
lake  surface  and  from  33.0  to  91.0%  approximately  0.5  m  above  the  lake 
bottom  (Figure  3-1).     The  greatest  depressions  in  hypolimnetic  oxygen 
content  occurred  from  February  to  July.     VJater  transparency  showed  much 
temporal  variation  but,  in  general,  was  lowest  from  late-March  to  late- 
August,  and  was  consistently  high  from  early-October  to  December  (Figure 
3-1).     pH  ranged  from  4.40  to  4.95,  with  the  highest  pH's  occurring  in 
the  summer  months  (June-August)  and  the  lowest  in  spring  and  fall 
(Figure  3-1). 
Food  Resources 

Mean  algal  particle-sizes  based  on  the  GALD  and  SGALD  ranged  from 
2.6  to  7.3  um  and  from  1.6  to  6.1  um,  respectively  (Figure  3-2).  Parti- 
cle sizes  were  generally  largest  from  late-March  to  mid-August,  and  were 
smallest  in  the  spring  and  fall.  The  smallest  particle  size-class  (<3.0 
um)  consistently  dominated  total  particle  densities  (Figure  3-3).  This 
size-class  was  composed  of  mostly  unidentified  flagellated  and  non-flag- 
ellated picoplankton  (0.2-2.0  um). 

The  high  incidence  of  spherical  and  sub-spherical  particles  and  low 
relative  numbers  of  filamentous  algae  resulted  in  similar  distribution 
patterns  when  particles  were  grouped  according  to  either  GALD  or  SGALD 
(Figure  3-2).    While  densities  of  the  <3.0  um  size-class  was  quite  vari- 
able, peak  numbers  occurred  during  winter  to  early  spring  and  early  to 
late  summer. 

Other  particle  size-classes  showed  somewhat  greater  seasonality. 
The  >25  um  size  class  showed  an  ephemeral  pulse  in  March  and  April,  but 
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Figure  3-2.     Mean  algal  particle-sizes  in  McCloud  Lake.     Bars  represent 
the  average  minimum  and  maximum  dimensions  of  all  algal 
particles  counted  for  each  sample. 
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Figure  3-3.     Distribution  of  algal  particle-size  classes  in 
McCloud  Lake.     Densities  of  each  size  class  are 
represented  according  to  the  GALD  (solid  lines) 
and  SGALD  (dashed  lines). 
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numbers  were  generally  low  throughout  the  year.    Particles  in  this  class 
included  flakes  of  Dinobryon  spp.,  Peridinium  spp.,  Ceratium 
carol inianum,  Merismopedia  glauca,  desmids  (Staurastrum  americanum, 
Micrasterias  sp. ,  Cosmarium  sp.),  Mougeotia  f loridana,  and  occasionally 
Asterionella  sp.  or  other  large  pennate  diatoms. 

The  15-25  urn  size  class  exhibited  small  peaks  in  January,  February, 
May  and  from  August  to  September.     The  highest  densities  of  the  7.5-14.9 
urn  size  class  occurred    in  late-March  and  from  late-May  to  mid-August. 
The  3.0-7.49  um  size  class  followed  the  same  general  pattern  as  the  <3.0 
urn  class,  v/ith  highest  densities  occurring  in  the  spring  and  late  sum- 
mer. 

Positive  correlations  between  temperature  and  several  particle  size- 
classes  were  found  (Table  3-1).    These  included  GALD  7.5-14.9  (r=0.76), 
SGALD  3.0-7.49  (r=0.43)  and  SGALD  7.5-14.9  (r=  0.38).    Secchi  depth" 
was  negatively  correlated  with  GALD  <3.0  um,  but  positively  correlated 
with  GALD  and  SGALD  7.5-14.9  um,  GALD  and  SGALD  >25  um,  SGALD  3.0-7.49 
um  and  SGALD  15-25  um  (Table  3-1).    Positive  correlations  between  water 
transparency  and  both  temperature  (r=0.32)  and  pH  (r=0.53)  were  also 
found. 

Chlorophyll  a  concentrations  ranged  from  0.13  to  5.0  ug/1.  Except 
for  a  single  pulse  in  May,  chlorophyll  a  concentrations  averaged  less 
than  2.0  ug/1  for  most  of  the  year.     Chlorophyll  a  was  not  correlated 
with  total  phytoplankton  density,  but  showed  weak  positive  correlations 
with  several  algal  size-fractions,  including  GALD  7.49-15.0  (r=0.34), 
and  SGALD  7.49-15  (r=0.28)  (Table  3-1).    A  positive  correlation  was 
found  between  chlorophyll  a  and  temperature  (r=  0.27),  Secchi  depth  ^ 
(r=  0.31)  and  pH  (r=  0.41). 
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Table  3-1.     Correlations  between  temperature  and 
chlorophyll  a  and  densities  of  total  algae  and 
algal  size-fractions.  Significant  correlations 
(p<0.05,  n=70)  are  indicated  by  *. 


FRACTION  TEMP  CHLA 


TPHYTO 

-0.12 

-0.10 

GALDl 

-0.21 

-0.22 

GALD2 

-0.02 

0.04 

GALD3 

0.76* 

0.34* 

GALD4 

0.01 

0.12 

GALD5 

-0.17 

0.09 

SGALDl 

-0.17 

-0.15 

SGALD2 

0.43* 

0.16 

SGALD3 

0.38* 

0.28* 

SGALD4 

-0.04 

-0.04 

SGALD5 

-0.10 

0.09 

TEMP=  temperature,  CHLA=  chlorophyll  a,  TPHYTO= 
total  phytoplankton,  GALD=  greatest  axial  linear 
dimension,  SGALD=  second  greatest  axial  linear 
dimension.  Size-classes : (um)  1)  <3.0,  2)  3.0-7.49, 
3)  7.5-14.9,  4)  15-25,  5)  >25. 
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Bacterioplankton  densities  showed  much  variation,  ranging  from  0.40- 
8.14  X  10^  bacteria/ml,  with  peak  densities  occurring  in  June,  late- 
September  and  mid-October  (Figure  3-4).    Bacterioplankton  densities  were 
uncorrelated  with  temperature,  chlorophyll  a  and  total  phytoplankton. 
Zooplankton  Dynamics 
General  trends 

Microzooplankton  densities  were  much  higher  than  macrozooplankton 
densities  in  the  spring  (March-April)  and  fall  (September-October)  and 
were  generally  equal  to  or  marginally  higher  than  macrozooplankton  den- 
sities the  rest  of  the  year  (Figure  3-5).    With  the  exception  of  the 
spring  and  fall  pulses  in  microzooplankton,  both  micro-  and  macrozoo- 
plankton densities  were  fairly  constant  throughout  the  year.     In  con- 
trast, macrozooplankton  dry  weights  exhibited  considerable  week-to-week 
variation,  but  always  comprised  the  largest  fraction  of  total  zooplank- 
ton biomass. 

The  ciliate  assemblage  was  dominated  by  two  small  species 
(Strombidium  viride:  1.19  X  10^  um^,  Strombilidium  sp.  :  5.96  X  10"^  um^) 
and  one  large  species  (Stentor  niger;  1.18  X  10    um  ) .    Total  ciliate 
densities  ranged  from  0  to  13,000  ciliates/1  (Figure  3-6)  and  were 
positively  correlated  (r=  0.42)  with  water  temperature. 

Ciliate  biomass  ranged  from  0  to  236  ug/1  and  showed  positive  corre- 
lations with  both  temperature  (r=0.41)  and  chlorophyll  a  (r=0.27).  Neg- 
ative correlations  were  found  between  ciliate  biomass  and  dissolved  oxy- 
gen concentrations  measured  at  both  the  lake  surface  (r=-0.26)  and  ap- 
proximately 0.5  m  above  the  sediments  (r=-0.43). 

Mean  annual  ciliate  biomass  (44.6  +  55.8  ug/1)  comprised  53%  of  ro- 
tifer plus  crustacean  biomass  or  36.7%  of  total  zooplankton  biomass. 
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Figure  3-5.  Macrozooplankton  and  microzooplankton  densities  (A)  and 
biomass  (B)  and  concentrations  of  chlorophyll  a_  (C)  and 
total  phy toplankton  (D)   in  McCloud  Lake. 
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Stentor  niger  almost  always  accounted  for  greater  than  90%  of  total  cil- 
iate  biomass. 

Dlaptomus  mlssisslppiensis  accounted  for  68-91%  of  total  zooplankton 
biomass  from  January  to  March  and  was  typically  the  dominant  or  a  co- 
dominant  species  the  remainder  of  the  year  (Figure  3-8,  Table  3-2). 
Mesocyclops  edax  biomass  was  low  in  the  winter  and  spring  and  highest  in 
the  summer  and  fall  months  (May-October).    The  other  copepod  species, 
Tropocyclops  prasinus ,  was  present  throughout  the  year  but  only  ac- 
counted for  1.1%  of  mean  annual  zooplankton  biomass. 

The  two  dominant  cladocerans,  Eubosmina  tubicen  and  Diaphanosoma 
bergei,  comprised  a  significant  fraction  of    total  zooplankton  biomass 
from  April  to  December.     Both  species  exhibited  oscillating  patterns 
characterized  by  4-5  successive  episodes  of  increasing  and  decreasing 
biomass.    Rotifer  biomass  was  highest  in  the  spring  but  almost  always 
constituted  less  than  0.5-1.0%  of  total  zooplankton  biomass. 
Diaptomus  mississippiensis 

Diaptomus  mississippiensis  exhibited  continuous  egg  production  with 
peak  egg  densities  occurring  in  January  and  February  (Figure  3-9). 
Clutch  size  ranged  from  3-11  eggs/sac,  with  an  annual  mean  of  3.4 
eggs/sac.    A  small  spring  peak  in  Nl-2  densities  was  recorded,  but  val- 
ues generally  remained  below  10  organisms/1  for  most  of  the  year.  Large 
spring  peaks  in  density  were  shown  for  N3-4,  N5-6  and  CI-II  and,  except 
for  for  N3-4  which  exhibited  another  pulse  in  late-August,  numbers  were 
fairly  constant  the  rest  of  the  year.     Older  copepodite  and  adult  stages 
were  generally  more  abundant  in  late  winter  and  spring,  but  showed  lit- 
tle variation  the  remainder  of  the  year. 
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Figure  3-8.     Mean  dry  weights  of  the  dominant  zooplankton  taxa  in 
McCloud  Lake. 
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Table  3-2.    Annual  and  monthly  means  for  dry  weights  of  the  dominant 
zooplankton  taxa  in  McCloud  Lake.     Means  were  determined  from  daily 
estimates  calculated  using  a  linear  interpolation  model.  Dry  weights 
are  expressed  as  ug/1. 


DIAP  MESO 

JAN  71.70  2.94 

FEB  84.84  2.69 

MAR  48.59  2.52 

APR  46.94  4.00 

MAY  36.13  18.09 

JUN  43.34  23.63 

JUL  30.29  16.74 

AUG  34.78  14.59 

SEP  29.74  18.64 

OCT  19.89  20.93 

NOV  21.38  12.11 

DEC  18.30  9.57 

ANNUAL     40.31  12.23 


TROP  EUBO  DIAPH 

0.42  1.72  6.81 

0.36  0.41  2.74 

0.28  0.05  5.17 

0.09  1.77  18.70 

0.17  5.65  18.73 

0.39  10.25  7.52 

1.49  10.54  12.29 

1.67  7.17  8.60 

1.92  9.75  17.07 

0.47  8.28  10.07 

1.28  15.05  32.91 

1.34  11.79  22.02 

0.82  6.88  13.55 


ROT  TOTAL  CILIA 

0.44  84.88  3.13 

0.62  93.02  91.05 

4.97  71.27  240.35 

4.60  86.54  77.25 

1.32  83.05  32.48 

0.04  85.68  189.52 

0.11  71.82  112.07 

0.11  67.27  71.00 

0.07  77.44  57.86 

0.06  59.87  89.50 

0.10  82.98  55.45 

0.05  63.21  0.76 

1.04  77.10  83.10 


DIAP=  Diaptomus  mississippiensis ,  MESO=  Mesocyclops  edax,  TROP= 
Tropocyclops  prasinus,  EUBO=  Eubosmina  tubicen,  DIAPH=  Diaphanosoma 
birgei,  ROT=  total  rotifers,  TOTAL=  total  rotifers  +  crustaceans,  CILIA 
total  ciliates. 


Figure  3-9.     Densities  of  the  life-history  stages  of 

Diaptomus  mississippiensis  in  McCloud  Lake. 
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The  body  sizes  of  all  naupliar  and  copepodite  stages  up  to  CIV  were 
relatively  constant  all  year  (Figure  3-10).    However,  a  noticeable  de- 
crease in  body  size  for  male  and  female  fifth  and  sixth  stage  copep- 
odites  was  observed  from  approximately  March  to  October. 

The  per  capita  population  growth  rate  (r)  ranged  from  -0.28  to  0.14 
and  did  not  show  any  significant  seasonal  variation  (Figure  3-11).  The 
per  capita  population  birth  rate  (b)  was  low  during  January  to  early-May 
and  showed  considerably  higher,  but  more  variable,  rates  from  late-May 
to  November.  The  egg  ratio  (eggs/CV-CVI  female)  ranged  from  0-2.3  with 
an  annual  mean  of  0.76.     Per  capita  death  rates  (d)  fluctuated  widely 
and  showed  no  evidence  of  seasonal  trends.    Erroneous  (negative)  death 
rates  were  reported  for  15  of  69  sampling  dates.    The  proportion  of  fe- 
males in  the  adult  population  ranged  from  0.35  to  1.0,  with  females  out- 
numbering males  in  78%  of  the  samples  collected. 

Daily  production  estimates  for  Diaptomus  ranged  from  0.38  to  6.56  mg 
-3  -1 

dry  wt.  m      d      (Figure  3-12,  Table  3-3).     Peaks  in  total  production 
occurred  from  early-February  to  early-March  and  in  late-August.  Produc- 
tion began  declining  in  early-September  and  reached  minimum  levels  in 
late-November.    Production  estimates  during  summer  were  quite  variable 
but  were  usually  intermediate  between  the  reported  minimum  and  maximum 
values. 

Mesocyclops  edax 

Mesocyclops  edax  exhibited  strong  seasonal  periodicity  in  egg  lay- 
ing, with  highest  egg  densities  being  found  in  late  summer  and  fall 
(Figure  3-13).     Clutch  size  ranged  from  10-24  eggs/female,  with  an 
annual  mean  of  12  eggs/female.  Densities  of  all  life-stages  were  low  in 
the  winter  and  early  spring  but  began  to  rise  in  late  spring  with 
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Figure  3-10.     Mean  ±  SE  estimates  of  body-length  for  the  life-history 
stages  of  Diaptomus  mississippiehsis  from  McCloud  Lake. 
Measurements  for  copepodites  represent  metasome  lengths. 
Only  females  are  shown  for  CV. 


Figure  3-11. 


Estimates  of:  A)  ratio  of  females  in  adult  popula- 
tion, B)  r,  C)  b  and  D)  d  for  Diaptomus 
misslsslppiensis  from  McCloud  Lake. 
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Figure  3-13.     Densities  of  the  life-history  stages  of 
Mesocyclops  edax  from  McCloud  Lake. 
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increasing  water  temperatures.  All  naupliar  stages  exhibited  a  bimodal 
distribution  with  peak  densities  occurring  in  late  spring  and  fall,  and 
lowest  densities  occurring  in  midsummer.  Nauplii  of  intermediate  body- 
size  (N3-4)  were  present  in  the  highest  densities  and  exhibited  the  most 
pronounced  bimodal  pattern.  Densities  of  most  copepodite  stages  showed 
small  spring  peaks  in  abundance  but,  in  general,  densities  were  constant 
from  spring  to  late  fall. 

The  body  sizes  of  all  naupliar  stages  and  copepodite  stage  CI  were 
constant  throughout  the  year  (Figure  3-14).     Copepodite  stages  CII-VI 
showed  greater  variability,  although  a  fairly  consistent  decrease  in 
body  size  during  the  summer  and  fall  months  was  seen  in  most  stages. 
This  pattern  was  most  evident  for  adult  females  but  was  somewhat  ob- 
scured in  CV  females  by  a  midsummer  increase  in  body  size. 

Per  capita  population  growth  rates  ranged  from  -0.18  to  0.25  and 
were  highest  from  April  to  June  (Figure  3-15).     Per  capita  birth  rates 
were  near  zero  until  early- July  and  reached  maximum  values  in  August  and 
from  September  to  late-October.    The  egg  ratio  ranged  from  0-13.5 
eggs/CV-CVI  female  during  the  egg  laying  season  (June-November),  with  a 
mean  of  4.0  eggs/female.    Per  capita  death  rates  were  highest  in  summer 
and  fall,  but  a  large  number  of  negative  values  (22  out  of  69  sampling 
dates)  suggests  that  estimates  of  this  parameter  are  very  sensitive  to 
sampling  bias.    The  proportion  of  females  in  the  adult  population  varied 
from  0.0  to  1.0,  with  female  densities  exceeding  male  densities  in  47% 
of  the  samples.     Females  appeared  to  be  relatively  more  abundant  in 
spring,  midsummer  and  fall,  but  it  is  likely  that  this  is  a  sampling 
artifact  as  adults  of  this  species  have  been  reported  to  exhibit  strong 
patterns  of  vertical  migration  (Wyngaard  et  al.  1982;  Williamson  1986). 
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Figure  3-14.  Mean  ±  SE  estimates  of  body-length  for  the  life-history 
stages  of  Mesocyclops  edax  from  McCloud  Lake.  Measure- 
ments for  copepodites  represent  metasome  lengths.  Only 
females  are  shown  for  CV.  , 


Figure  3-15.     Estimates  of:  A)  ratio  of  females  in  adult  population, 
B)  r,  C)  b  and  D)  d  for  Mesocyclops  edax  from  McCloud 
Lake. 
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Variability  study 

Significant  withln-lakc  differences  in  the  distribution  of  at  least 
two  of  18  zooplankton  variables  was  found  for  all  three  dates  in  1984 
(Table  3-4).    The  greatest  sampling  error  was  for  the  egg,  naupliar  and 
early  copepodite  stages  of  Tropocyclops  prasinus  in  August.    This  may  be 
an  artifact,  however,  as  Tropocyclops  numbers  were  low  at  this  time,  and 
zero  densities  found  at  several  of  the  six  stations  may  have  erroneously 
increased  the  sensitivity  of  these  comparisons. 

A  more  detailed  analysis  was  performed  by  ranking  each  random  sta- 
tion for  each  sampling  date  according  to  depth  and  testing  for  differ- 
ences among  individual  stations  using  Duncan's  Multiple  Range  Test.  The 
results  of  this  analysis  indicated  that  variability  was  introduced  as 
stations  at  shallower  depths  were  included  in  the  statistical  sample. 
This  suggests  that  zooplankton  distribution  within  the  deepest  portion 
of  the  lake  basin  was  fairly  homogeneous  for  each  of  the  three  dates  ex- 
amined. 

Zooplankton;  Temperature  and  Food  Relationships 

A  significant  relationship  between  temperature  and  density  was  shown 
for  all  dominant  zooplankton  species  in  McCloud  Lake  (Table  3-5). 
Diaptomus  (r=-0.26)  and  total  rotifers  (r=-0.37)  were  negatively  corre- 
lated with  temperature,  while  positive  correlations  were  found  between 
temperature  and  densities  of  Mesocyclops  (r=0.71),  Tropocyclops 
(r=0.32),  Eubosmina  (r=0.45),  Diaphanosoma  (r=0.24)  and  total  ciliates 
(r=0.42).    Not  unexpectedly,  a  negative  relationship  was  found  between 
temperature  and  mean  zooplankton  body-size  (r=-0.32).     This  was  due  pri- 
marily to  the  summer  decline  in  Diaptomus  and  Mesocyclops  copepodite 
body-sizes. 
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Table  3-4.    Assessment  of  wi thin-lake  variation  in  zooplank- 
ton  densities  for  three  dates  in  1984.  Differences  in  the 
log-transformed  densities  of  18  zooplankton  variables  ana- 
lyzed from  duplicate  tows  at  six  random  lake  stations  were 
determined  using  ANOVA. 


Species  or  Life- 
History  Stage 


Date 


April  25    August  6    December  17 


Diaptomus  mississippiensis 
E 

N1-N6 
CI -CIV 
CV-CVI 


ns 
ns 
ns 
ns 


ns 
* 

ns 
ns 


* 

ns 
ns 
ns 


Mesocyclops  edax 
E 

N1-N6 
CI-CIV 
CV-CVI 


ns 
ns 
ns 


*** 

ns 
** 


ns 
ns 
ns 


Tropocyclops  prasinus 
E 

N1-N6 
CI-CIV 
CV-CVI 


ns 
ns 
ns 


*** 

** 

** 

ns 


ns 
ns 
ns 
* 


Diaphanosoma  birgei 

embryos 
Eubosmina  tubicen 

embryos 
Keratella  americana 
misc.  rotifers 


*** 


ns 


ns 


ns 


*** 


ns 


ns 
** 

ns 
ns 
ns 
ns 


** 

ns 
ns 
ns 
ns 
ns 


*:  p<  0.10 

**:  p<  0.05 

***:  p<  0.01 

ns:  not  significant 

— :  insufficient  numbers  to  evaluate 


75 


I 

0) 


in 

CO 


-3- 
Q 

Hi 

<: 
o 

oo 


Q 

<: 

o 

CO 


CM 

Q 

o 
(/I 


Q 

<: 

CO 


o 

OS 


a: 


H 
U 

<: 

PQ 


a, 
w 

H 


St 

rH 

eo 

CN 

o 

o 

o 

O 

o 

o 

o 
o 

O 

O 
1 

o 

1 

o 

1 

o 

o 

o 
1 

o 

o 

1 

O 
1 

o 

o 

1 

o 

m 
o 

CM 

vO 

CM 
CM 

1— 1 

o 
in 

o 

* 

n 

a^ 

.-H 

00 

o 

« 

00 

o 

* 

00 

o 

O 
1 

o 
1 

O 
1 

o 

o 

o 

1 

o 

o 

1 

o 

o 

o 

1 

o 

1 

o 

cs 

CM 

o 
o 

CO 

vO 

CM 

* 

CO 

CM 

O 

m 

f— I 

o 

o 
o 

o 

O 

o 

o 

o 
1 

o 
1 

O 

o 
1 

o 

O 
1 

o 
1 

o 

o 

<r 
o 

^ 

CSl 

CM 
f— ) 

o 

O 

* 

CNl 

o 

O 

o 

CM 

r-H 

00 
o 

o 

CM 

o 
1 

O 

o 

o 

o 

o 
1 

o 

o 

o 

O 

o 

o 
1 

o 
1 

* 

* 

m 

o 

* 

00 

I— ( 

o 

r— ( 

in 

CM 
O 

* 

.—1 

0^ 

o 

CM 

o 

O 

o 
1 

O 

O 
1 

o 
1 

o 

O 

o 
1 

O 

o 
1 

o 
1 

o 
1 

o 

* 

n 

* 

o 
ro 

* 

m 
cn 

* 

m 
<f 

CM 

o 

CM 

i-H 

O 

* 

>^ 
o 

CM 
O 

o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

O 

* 

C7^ 

■—1 

en 

1— ( 

sr 

O 

sr 

CM 

CM 

O 

CM 

o 

OM 

•—t 

t—t 

CM 

o 

O 

o 
1 

o 

o 
1 

O 

o 

o 
1 

O 

O 
1 

o 
1 

o 

o 
1 

o 
1 

o 
1 

* 

■K 

■K 

•x 

LO 

o 

S3- 

CM 

00 

r~ 

r-- 

CO 

00 

C7N 

osl 

l—i 

CM 

O 

00 

CM 

o 

t— < 

CM 

o 

osl 

o 
1 

o 

O 
1 

O 
1 

O 
1 

o 
1 

o 
1 

o 
1 

o 

o 
1 

o 
1 

O 
1 

o 

1 

* 

•X 

* 

•te 

* 

■X 

■K 

* 

* 

1 — 1 

CM 

CM 

m 

o 

Osl 

CM 

OO 

-cr 

CM 

00 

<!• 

o 

CM 

SI- 

1 — ( 

00 

o 

o 

O 

o 

o 

o 
1 

O 

o 

o 

O 

o 

CD 

O 

O 

CO 

a: 

< 

o 

O 

% 

o 

CM 

o 

Oh 

M 

M 

cu 

Q 

ai 

o 

g 

<: 

H 

o 

Ph 

u 

u 

M 

M 

O 

H 

o 

O 

Q 

H 

w 

o 

Pd 

U 

N 

U 

II 

O 
g 


(01 


a 

o 


CO 

to 
CO 


o 

>>|  o 
o 
o 


o 
o 


a 

H 

U  II 

o 

CO  u 

M  H 

0)  S 
4-1 


o 


II  u 
0) 

as  N 

CO 

CO  . 
•H  fl 

u  o 

4-1  CO 
U  (3 

cd  0) 
^  a 


X 
(0 
t3 

(U 

CO 

a 
o 

H 

u 

CI 

o 

to 

0) 

s 


o 

CO 


CO 

c 

•H 

a 
a 

•H 

CO 
CO 
•H 
CO 
CO 


CO 

c 

CO 

(U 

a 
o 


II 

H 

<: 


4-1 

to 


H    O  0< 


(0 


to 


o 

4-1 


to  • 

in 

4-)  CM 

to  /\ 
(U 

4J  ^ 

(0  lO 

(U 

^4  « 

Mm 

CM 
I 


to 
CU  O 

a. 
o 
o 


t3 
"  e  m 

x:  o 

4-1  o 

a  to  sf 

H  II  « 

I  c 
>. 

o 


o 

CO 


to 
a 
II 

P3 

s 


I 


a  a 

(V 

to 

D 

a 
o 


CM 

to 


a 

to 
o 

.42 

-  .  3 

a  w 


o 

4J 

c 
to 

H 

a 
o 
o 
t^ 
o 
u 
a 


J<!  00 

d 

tO  ^ 
H  CT> 
OoT 
O  • 

U 

>s  I 

XI  o 
a.  • 

00 


CM 


00 
V 


76 

Diaptomus  densities  were  negatively  correlated  with  chlorophyll  a 
(r=-0.24)  but  positively  correlated  with  total  phytoplankton  (r=0.33) 
and  algal  particles  with  a  SGALD  <3.0  um  (r=0.26).     Mesocyclops , 
Eubosmina  and  Diaphanosoiaa  were  negatively  correlated  with  total  phyto- 
plankton and  algal  particles  <3.0  um  (Table  3-5).    Rotifers  were  nega- 
tively correlated  with  bacterioplankton  (r=-0.27),  but  showed  positive 
correlations  with  algal  particles  15-25  um  (r=0.50)  and  >25  um  (r=0.34). 
Somewhat  unexpectedly,  ciliated  protozoans  were  uncorrelated  with  bact- 
erioplankton, but  showed  positive  correlations  with  algal  particles  3.0- 
7.49  um  (r=0.29)  and  7.5-14.9  um  (r=0.31). 

Correlations  of  individual  developmental  stages  of  Diaptomus  and 
Mesocyclops  with  temperature  and  food  components  provide  a  more  detailed 
picture  of  these  interactions.     For  instance,  the  negative  relationship 
found  between  total  Diaptomus  densities  and  temperature  really  only  re- 
flects negative  correlations  between  temperature  and  densities  of  CIII- 
IV  (r=-0.34)  and  CV-VI  males  (r=-0.32)  (Table  3-6).     Correlations  with 
individual  algal  particle  size-classes  show  significant  positive  corre- 
lations between  small  cells  (SGALD  <3.0  um)  and  densities  of  Diaptomus 
eggs  (r=0.34)  and  N5-6  (r=0.33).    Additional  positive  correlations  were 
found  between  CI-II  and  GALD  3.0-7.49  (r=0.31)  and  CIII-IV  and  GALD  >25 
(r=0.28). 

Diaptomus  per  capita  birth  (r=0.50)  and  death  rates  (r=0.31)  and  egg 
(r=0.29),  naupliar  (r=0.56)  and  total  production  (r=0.29)  also  showed 
positive  correlations  with  temperature  (Table  3-7).     Birth,  death  and 
growth  rates,  however,  were  uncorrelated  with  all  possible  combinations 
of  food  particles.     Only  naupliar  production  was  positively  related  to 
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Table  3-7.     Correlations  between  Diaptomus  missis si ppiensis  produc- 
tion and  population  parameters  with  temperature,  concentrations  of 
different  algal  particle-sizes  and  densities  of  co-occuring  zooplank- 
ton  species.  Significant  correlations  (p<0.05,  n=70)  are  indicated  by 


b 

r 

d 

£ 

N 

C 

P 

TEMP 

0.50* 

-0.02 

0.31* 

0.41* 

0.56* 

0.08 

0.29* 

PHYTO 

0.07 

0.01 

0.04 

0.21 

0.18 

0.17 

0.25* 

SGALDl 

0.10 

0.01 

0.05 

0.21 

0.11 

0.07 

0.14 

SGALD2 

0.10 

-0.03 

0.09 

0.09 

0.34* 

0.08 

0.19 

SGALD3 

0.03 

0.04 

-0.04 

0.10 

0.31* 

0.19 

0.25* 

SGALD4 

-0.22 

-0.08 

-0.07 

-0.27* 

0.01 

-0.02 

-0.04 

SGALD5 

-0.03 

0.11 

-0.09 

0.09 

0.03 

0.02 

0.06 

MESO-N 

0.56* 

-0.02 

0.34* 

0.37* 

0.20 

-0.23 

-0.07 

MESO-C 

0.53* 

0.17 

0.16 

0.43* 

0.28* 

-0.08 

0.05 

TROPO-N 

0.28* 

0.00 

0.17 

0.26* 

0.17 

-0.03 

0.04 

TROPO-C 

0.41* 

0.14 

0.13 

0.35* 

0.31* 

-0.10 

0.08 

EUBOS 

0.32* 

-0.05 

0.22 

0.20 

0.13 

-0.23 

-0.13 

DIAPH 

0.12 

0.03 

0.04 

-0.14 

-0.26* 

-0.24* 

-0.32* 

ROTIF 

-0.57* 

0.05 

-0.37* 

-0.40* 

-0.04 

0.32* 

0.19 

TEMP=  temperature,  PHYTO=  total  phyto 
greatest  axial  linear  dimension.  Size 

plankton 

classes 

density , 
(um):  1) 

SGALD= 
<3.0, 

'■  second 
2)  3.0- 

7.49,  3)7.5-14.9,  4)  15-25,  5)  >25.  MESO=  Mesocyclops  edax,  TROPO= 
Tropocyclops  prasinus ,  EUBOS =  Eubosmina  tubicen,  DIAPH=  Diaphanosoma 
birgei,  ROTIF=  rotifers.     N  and  C  suffixes  refer  to  nauplii  and  copep 
odites,  respectively.  E,  N,  C  and  P  are  respectively,  egg,  nauplius, 
copepodite  and  total  production. 
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densities  of  small  (SGALD  3.0-7.49  um)  and  Intermediate  (SGALD  7.5-14.9 
um)  sized  algal  particles  (Table  3-7). 

All  life-stages  of  Mesocyclops  were  positively  correlated  with  tem- 
perature, with  the  strongest  relationships  being  found  for    Nl-2  (r= 
0.67),  N3-4  (r=0.59),  N5-6  (r=0.58)  and  CI-II  (r=0.73)  (Table  3-8). 
Both  total  nauplii  and  copepodites  were  negatively  correlated  with  total 
phytoplankton  densities,  but  positive  correlations  were  found  between 
chlorophyll  a  and  early  copepodite  stages  (CI-IV).     Total  nauplii  were 
positively  correlated  with  intermediate  sized  particles  (GALD  7.49-15 
um),  but  were  negatively  correlated  with  the  smallest  (SGALD  <3.0  um, 
GALD  3.0-7.40  um)  and  largest  (GALD  15-25  and  >25  um)  size-fractions. 
Total  copepodites  showed  an  even  stronger  positive  relationship  with  the 
intermediate  size-fraction,  and  were  also  negatively  correlated  with  the 
two  smallest  particle  size-classes  (Table  3-6).     Only  per  capita  birth 
rates  were  positively  related  to  temperature,  and  neither  birth,  death 
or  growth  rates  were  significantly  related  to  any  of  the  algal  size- 
fractions  (Table  3-9). 
Interspecific  Relationships 

Significant  negative  relationships  were  found  between  the  densities 
of  both  Diaptomus  nauplii  and  copepodites  and  most  of  the  other  impor- 
tant zooplankton  species  in  McCloud  Lake  (Table  3-10).     In  general,  cor- 
relations among  species  and  zooplankton  groups  were  unaffected  if  dry 
weights  were  substituted  for  densities  (Table  3-11).     A  more  detailed 
analysis  of  the  interactions  between  life-stages  of  Diaptomus  and 
Mesocyclops  is  presented  in  Table  3-12.    A  large  number  of  negative  cor- 
relations were  found  between  the  late  nauplii  (N5-6)  and  early  cop- 
epodite (CI-IV)  stages  of  Diaptomus  and  Mesocyclops  stages  Nl-CII.  In 
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Table  3-9.     Correlations  between  Mesocyclops  edax 
population  parameters  with  temperature,  concentra- 
tions of  different  algal  particle-sizes  and  densit 
ies  of  co-occuring  zooplankton  species.  Signifi- 
cant correlations  (p<0.05,  n=70)  are  indicated 
by  *. 


b 

r 

a 

TEMP 

0 .  J5* 

n  no 
0  .Oo 

A    1  Q 

U .  lo 

PHYTO 

0 .  14 

— U .  1  z 

A    1  Q 

SGALDl 

0.1/ 

— U .  1 Z 

A    0  1 

u .  Z 1 

SGALD2 

0 .  lo 

0 .  Ob 

A  AQ 

U .  Uo 

SGALD3 

r\  in 
-0.19 

A    A 1 
0.01 

A    1  "7 
—  U  .  i  / 

SGALD4 

-0.05 

A  AA 
0  .  00 

A  A/. 

SGALD5 

-0 . 07 

A  AQ 

-0.  Oo 

A  AO 
U  .  UZ 

DIAP-N 

-0.19 

A  AO 

-0 .  vZ 

A    1  0 

-U.  i  J 

DIAP-C 

-0.35* 

0.08 

-0.30* 

TROPO-N 

0.14 

0.07 

0.06 

TROPO-C 

0.21 

-0.07 

0.21 

EUBOS  1 

0.00 

0.17 

-0.12 

EUBOS  2 

0.16 

-0.06 

0.16 

DIAPH  1 

0.14 

-0.12 

0.18 

DIAPH  2 

0.02 

-0.03 

0.03 

ROTIF 

-0.40* 

0.02 

-0.30* 

TEMP=  temperature, 

PHYTO=  total 

phyto 

plankton, 

SGALD=  second  greatest  axial  linear  dimension. 

Size  classes  (um): 

1)  <3.0,  2) 

3.0-7. 

49, 

3)  7.5- 

14.9,  4) 

15-25,  5) 

>25.  DIAP= 

Diaptomus 

mississi 

ppiensis , 

TROPO=  Tropoc 

yclops 

prasinus , 

EUBOS  1= 

Eubosmina 

<0.34  mm,  EUBOS  2= 

Eubosmina 

>  0.34  mm,  DIAPH  1=  Diaphanosoma  <0.68  mm,  DIAPH  2 


Diaphanosoma  >0.68  mm,  R0TIF=  rotifers.  N  and  C 
refer  to  nauplii  and  copepodites,  respectively. 
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addition,  Diaptomus  CI-II  were  negatively  correlated  with  Mesocyclops 
cm- IV  and  both  male  and  female  CV-VI. 

Diaptomus  birth  rates  showed  positive  correlations  with  densities  of 
both  Mesocyclops  and  Tropocyclops  nauplii  and  copepodites  and  Eubosmina 
(Table  3-7).     Diaptomus  death  rates  were  positively  correlated  with 
Mesocyclops  nauplii  and  negatively  correlated  with  total  rotifers. 

Correlations  between  the  densities  of  Mesocyclops  life-stages  and 
potential  zooplankton  prey  are  presented  in  Table  3-13.     Positive  cor- 
relations were  found  between  all  Mesocyclops  developmental  stages  and 
both  size  classes  of  Eubosmina.     Mesocyclops  N5-6  was  positively  cor- 
related with  Diaphanosoma  (<0.68  um),  and  most  copepodite  stages,  with 
the  exception  of  CV-VI  females,  were  positively  correlated  with  both 
large  and  small  Diaphanosoma .     No  significant  correlations  were  found 
between  either  birth,  death  or  growth  rates  and  the  densities  of  any 
potential  zooplankton  prey. 

Discussion 

Trophic  Ecology 

Average  food  particle-sizes  in  McCloud  Lake  show  relatively  little 
seasonal  variation.     The  phytoplankton  community  was  dominated  all  year 
by  particles  of  appropriate  size  and  shape  for  use  by  both  macro-  and 
micro-f ilterers.     Correlations  between  the  densities  of  discrete  algal 
size-fractions  and  different  zooplankton  components  suggest  a  low  degree 
of  segregation  among  species  based  on  food  particle-size  selectivity. 
This  does  not  necessarily  mean  that  most  species  are  exhibiting  flexible 
feeding  behavior,  but  may  be  more  a  reflection  of  the  relatively  homoge- 
neous food  supply  in  the  lake.     Numerically  the  food  base  in  McCloud 
Lake  is  dominated  by  small,  edible,  food  particles.     While  it  is  not 
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possible  to  accurately  assess  food  quality  from  size  criteria  alone,  I 
found  low  numbers  of  particles  which  might  be  considered  above  the 
threshold  size  for  efficient  handling  or  that  possess  properties  which 
might  otherwise  render  them  unpalatable. 

Filamentous  algae  and  those  with  gelatinous  sheaths  or  other  resis- 
tant outer  coverings  were  uncommon.     Particles  which  might  be  considered 
unsuitable  for  zooplankton  use  included  large  flakes  of  Dinobryon  spp., 
Ceratium  carolinianum,  Mougeotla  floridana,  Oocystis  sp. ,  Gloeocystis 
sp.  and  Merlsmopedia  glauca.     The  occurrence  of  high  summer  densities  of 
Merismopedia  (up  to  1500  colonies/ml)  was  somewhat  surprising,  as  blue- 
green  algae  are  reported  to  be  uncommon  in  the  plankton  of  acidic  lakes 
(Brezonik  et  al.   1984;  Brock  1973). 

There  are  several  additional  reasons  why  zooplankton  and  algal  food- 
components  are  poorly  correlated.     The  particle  size-fractions  analyzed 
in  this  study  were  determined  arbitrarily,  and  may  not  correspond  to  the 
natural  range  of  particle  sizes  which  species  in  the  lake  are  able  to 
discriminate  among.    Also,  particle  densities  are  static  measurements 
and  may  not  adequately  reflect  food  availability.     Lewis  (1979)  suggests 
that  correlations  employing  productivity  measurements  more  accurately 
reflect  the  dynamic  nature  of  zooplankton-f ood  interactions.  Lewis 
(1979)  did  show,  however,   that  zooplankton  discriminate  between  parti- 
cles based  on  overall  particle  dimensions  (especially  SGALD)  rather  than 
particle  volumes. 

It  seems  reasonable  that  v/hen  zooplankton  are  exposed  to  a  re- 
stricted range  of  particle  sizes,  other  factors  such  as  taste  and  smell, 
may  assume  greater  importance  in  food  selection.     Individual  algal 
species  (and  ages)  leak  different  chemicals  which  copepods  can  detect 
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with  sensitive  chemoreceptors  (Alcarez  et  al.  1980).  It  has  been  sug- 
gested that  olfactory  cues  play  an  important,  although  not  well  under- 
stood, role  in  regulating  both  particle  selection  and  filtration  rates 
(Vanderploeg  and  Paffenhofer  1985). 

The  positive  relationship  found  between  Diaptomus  densities  and  the 
smallest  algal  particles  is  in  agreement  with  McNaught's  (1975)  finding 
that  Diaptomus  is  specialized  for  feeding  on  nannoplankton.     This  obser- 
vation has  also  been  supported  by  other  studies  on  the  feeding  mechanics 
and  behavior  of  calanoid  copepods  (Wilson  1973;  Vanderploeg  and 
Paffenhofer  1985). 

Several  models  have  been  proposed  which  explain  how  copepods  feed 
when  exposed  to  different  particle  sizes,  shapes  and  densities.     The  now 
classic  "leaky-sieve"  model  (Boyd  1976)  proposes  that  the  frequency  dis- 
tribution of  intersetule  and  intersetal  distances  in  the  second  maxillae 
("holes  in  the  filter")  define  the  particle-size  selectivity  of  copep- 
ods.    Other  models,  including  the  "fling  and  clap"  (Strickler  1984)  and 
"fling  and  squeeze"  (Koehl  and  Strickler  1981)  models,  show  how  a  com- 
plex interaction  of  oral  structures  is  involved  in  particle  handling  and 
capture. 

Copepods  also  have  mechanoreceptors  which  can  perceive  minute  hydro- 
dynamic  disturbances  in  the  flow  field  around  their  filtering  appendages 
(Vanderploeg  and  Paffenhofer  1985),  which  implies  that  particle  discri- 
mination is  not  exclusively  a  passive  activity.     Vanderploeg  and 
Paffenhofer  (1985)  have  shown  that  passive  and  active  modes  of  particle 
capture  are  employed  depending  on  particle  dimensions.     They  show  that 
particles  <4.0  um  are  always  captured  by  passive  filtration,  while  both 
passive  and  active  modes  are  used  for  particles  >6.0  um.     Still,  the 
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extent  to  which  copepods  are  able  to  utilize  very  small  particles  (i.e. 
<5  um),  including  bacterioplankton  (Friedman  1980),  has  not  been  well 
Studied.     The  low  average  algal  particle-sizes  and  high  relative  den- 
sities of  particles  <3.0  um  in  McCloud  Lake  should  favor  zooplankton 
species  or  age  classes  which  can  efficiently  utilize  very  small  par- 
ticles.    The  positive  correlation  between  Diaptomus  nauplii  and  par- 
ticles <3.0  um  may  be  a  reflection  of  this  ability. 

Omnivorous  cyclopoid  copepods  perhaps  display  the  greatest  flexibil- 
ity in  feeding  behavior.     Early  developmental  stages  are  believed  to 
feed  primarily  on  algae  and  to  a  lesser  extent  detrital  material,  while 
older  stages  are  able  to  switch  between  herbivorous  and  carnivorous  fe- 
eding modes  (Fryer  1957;  Williamson  1986).     This  type  of  feeding  behav- 
ior may  convey  a  selective  advantage  to  cyclopoids,  providing  them  with 
a  wider  range  of  potential  food  items  during  periods  of  variable  re- 
source supply.     Unfortunately,  there  have  been  few  studies  of  the  rel- 
ative importance  of  algal  and  zooplankton  food  in  the  natural  diets  of 
cyclopoids,  although  the  implications  of  this  type  of  opportunistic 
feeding  behavior  has  been  recognized  (Nilssen  1978). 

The  general  lack  of  association  between  Mesocyclops  edax  densities 
and  algal  food-groups  in  McCloud  Lake  may  indicate  that  herbivory  plays 
a  minor  role  in  the  nutrition  of  this  species.     The  large  number  of  pos 
itive  correlations  between  different  Mesocyclops  life-stages  and  densi- 
ties of  Eubosmina  and  Diaphanosoma  suggests  that  cladocerans  may  be  the 
primary  food  for  Mesocyclops .     Both  size  classes  of  Eubosmina  appear  to 
be  vulnerable  to  Mesocyclops  predation,  while  predation  losses  for  the 
larger  Diaphanosoma  are  probably  heaviest  for  the  smallest  instars. 
Mesocyclops  is  negatively  correlated  with  most  life-stages  of  Diaptomus 
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the  only  other  abundant  zooplankton  prey  in  the  lake.    Cladocerans  are 
generally  considered  to  be  more  vulnerable  than  copepods  to  invertebrate 
predators,  as  they  have  lower  relative  swimming  speeds  and  cannot  make 
rapid  changes  in  swimming  direction  (Allan  1976). 

Eubosmina  tubicen  and  Diaphanosoma  bergei  replace  Diaptomus 
mississippiensis  as  the  dominant  herbivorous  zooplankton  in  McCloud  Lake 
during  the  summer  and  fall.     Although  both  species  are  characterized  by 
relatively  small  body-sizes  for  limnetic  cladocerans  (Eubosmina  <0.60 
mm,  Diaphanosoma  <1.1  mm),  this  shift  may  represent  a  significant  in- 
crease in  the  rate  of  phytoplankton  consumption.     Estimates  of  clado- 
ceran  filtering  rates  generally  exceed  those  of  copepods  by  up  to  an  or- 
der of  magnitude  (Allan  1976).     Cladocerans  are  also  capable  of  selec- 
tive feeding  by  one  of  several  mechanisms  including:  1)  differential 
retention  of  particles  on  the  filtering  appendages,  2)  modification  of 
the  carapace  gap  to  either  include  or  exclude  particles  of  a  given  size 
and  shape,  and  3)  postcapture  rejection  from  the  food  groove  by  the 
postabdomen  (Meise  et  al.  1985). 

Cladocerans  are  known  to  consume  food  of  widely  varying  size  and 
quality  (Sarnelle  1986).     While  the  upper  size-limit  of  particles  in- 
gested has  been  shown  to  be  a  simple  linear  function  of  consumer  body- 
length  (Burns  1968),  particle-size  selection  cannot  be  predicted  from 
body  size  alone.     In  laboratory  feeding  experiments,  Bleiwas  and  Stokes 
(1985)  report  that  Bosmina  ingested  the  moderate  sized  (GALD  25-28  um), 
unicellular  desmid  Cosmarium  6X  faster  than  the  much  smaller  (3-7  um) 
Chlorella .     McNaught  et  al.   (1980)  also  emphasized  the  importance  of 
factors  other  than  size  (shape  and  taste)  in  particle  selection. 
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Cladocerans  in  McCloud  Lake  were  not  positively  correlated  with  any 
of  the  algal  particle  size-fractions  examined.     In  fact,  both  species 
were  negatively  correlated  with  total  phytoplankton  and  particles  <3.0 
um.     This  lack  of  association  with  algal  food  may  be  due,  in  part,  to 
the  strong  degree  of  intercorrelation  found  among  zooplankton,  food  and 
physical  variables. 

The  ability  of  cladocerans  to  utilize  bacterioplankton  has  received 
considerable  attention  (Schoenberg  and  MacCubbin  1983;  Pace  et  al.  1983; 
Pedros-Alio  and  Brock  1933;  Peterson  et  al.  1978).    Gerritsen  and  Porter 
(1982)  have  studied  the  mechanism  by  which  filter-feeders  are  able  to 
capture  such  fine  particles.     They  report  that  particle  capture  at  low 
Reynold's  number  is  not  accomplished  by  a  sieving  mechanism,  but  that  it 
appears  to  be  strongly  influenced  by  surface  chemistry  (surface  charge 
and  wettability).     They  postulate  that  because  the  filtering  appendages 
are  surrounded  by  a  viscous  boundary  layer  they  behave  more  like  a  solid 
wall,  and  that  particles  are  probably  captured  by  electrostatic  or  ionic 
attraction. 

Pace  e^  al.   (1983)  found  that  even  at  high  concentrations  (1-2  X  10^ 
cells/ml),  bacteria  were  never  a  primary  resource  for  Daphnia  parvula, 
but  that  the  much  smaller  Ceriodaphnia  lacustris  showed  a  slightly  posi- 
tive  population  growth  rate  (r=  0.07)  at  concentrations  of  5  X  10 
cells/ml.     They  maintain  that  such  differential  utilization  efficiency 
of  the  smallest  resource  size-class  falsifies  an  important  assumption  of 
the  Size  Efficiency  Hypothesis  (Brooks  and  Dodson  1965). 

Several  other  studies  have  measured  cladoceran  filtering  rates  on 
cultured  bacteria  (McMahon  and  Rigler  1965;  Gophen  et  al.  1974;  Lampert 
1974),  but  there  are  relatively  few  reports  of  grazing  on  natural 
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bacterial  assemblages,  which  are  typically  characterized  by  much  smaller 
cell-sizes  (Peterson  et  al.   1978).     The  low  densities  (most  <6.0  X  10^ 
cells/ml)  and  small  sizes  (0.1-0.3  um)  I  report  here  for  bacterioplank- 
ton  suggest  that  they  are  probably  of  only  minor  importance  in  the  diets 
of  Mc Cloud  Lake  zooplankton.     Fenchel  (1980)  estimates  threshold  bacte- 
ria  concentrations  for  zooplankton  to  be  approximately  10  cells/ml. 

Feeding  by  rotifers  (Starkweather  et  al.  1979;  Duncan  and  Gulati 
1983;)  and  ciliated  protozoans  (Fenchel  1980)  is  largely  restricted  to 
bacteria  and  picoplankton.      Filtration  rates  of  rotifers  are  generally 
up  to  two  orders  of  magnitude  lower  than  filtering  rates  for  copepods 
(Allan  1976).     Large  ciliated  protozoans  have  similar  grazing  rates  to 
rotifers  (Fenchel  1980;  Pace  and  Orcutt  1981),  but  because  they  are  of- 
ten present  in  densities  which  greatly  exceed  those  of  other  zooplankton 
components  (Gates  1984;  Pace  and  Orcutt  1981),  they  can  make  a  signifi- 
cant contribution  to  total  zooplankton  grazing  (Pace  and  Orcutt  1981). 
Unfortunately,  ciliated  protozoans  have  traditionally  been  ignored  in 
zooplankton  studies,  and  their  importance  as  microconsumers  and  nutrient 
recyclers  has  only  recently  been  acknowledged  (Gates  1984;  Beaver  and 
Crisman  1982;  Fenchel  1975,   1980;  Pace  and  Orcutt  1931). 

Studies  on  the  seasonality  of  rotifers  and  ciliated  protozoans  sug- 
gest that  their  contribution  to  total  zooplankton  biomass  increases  with 
increasing  trophic  state  (Beaver  and  Crisman  1982;  Bays  and  Crisman 
1983).     \Jhile  rotifer  biomass  was  very  low  in  McCloud  Lake  during  1984, 
ciliated  protozoans  often  comprised  a  significant  fraction  of  total  zoo- 
plankton biomass.     Because  ciliates  were  also  found  in  high  densities 
and  have  considerably  faster  turnover  times  compared  to  crustacean  zoo- 
plankton, it  is  likely  that  they  play  a  very  important  role  in  small 
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particle  dynamics  and  nutrient  cycling.    The  role  of  ciliated  protozoans 
within  the  planktonic  food-web  in  McCloud  Lake  will  be  considered  fur- 
ther in  the  next  chapter. 

Effects  of  Temperature  and  Food  on  Population  Dynamics 

It  is  difficult  to  discuss  the  relative  importance  of  food  and  tem- 
perature as  regulators  of  zooplankton  dynamics,  as  both  variables  appear 
to  be  strongly  coupled  in  their  effects  on  critical  population  parame- 
ters.    For  instance,  the  positive  relationship  which  exists  between  tem- 
perature and  population  birth  and  growth  rates  under  controlled  condi- 
tions, is  dependent  on  adequate  food  supplies  to  compensate  for  the  en- 
ergy consumed  in  egg  production  and  the  metabolic  costs  associated  with 
growth  and  development.     In  this  case  it  is  circular  reasoning  to  imply 
that  either  temperature  or  food  supply  is  the  key  factor  limiting  birth 
and/or  growth  rates. 

Zooplankton  populations  respond  to  interactions  between  temperature 
and  food  components,  although  responses  often  vary  depending  on  commu- 
nity composition,  and  effects  are  usually  unpredictable.     For  example, 
the  effect  of  temperature  on  population  growth  rates  would  be  quite  dif- 
ferent depending  on  whether  food  supplies  were  abundant  or  scarce.  At 
both  high  temperatures  and  food  levels,  population  growth  rates  should 

approach  r      ,  but  in  situations  in  which  phytoplankton  production  is 
max 

limited  by  available  nutrients,  increasing  temperatures  might  actually 
accelerate  starvation  conditions  resulting  in  low  or  negative  values  for 
r. 

While  it  is  clear  that  food  levels  are  very  low  in  McCloud  Lake,  it 
is  not  possible  to  accurately  assess  the  extent  to  which  zooplankton  are 
exposed  to  starvation  conditions.     The  evidence  that  zooplankton  are 
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food  limited  for  most,  if  not  all,  of  the  year  is  largely  indirect.  The 
most  convincing  evidence  comes  from  an  examination  of  fecundity,  body 
size  and  length-weight  data.     Many  studies  have  confirmed  that  zooplank- 
ton  respond  to  poor  food  conditions  by  decreasing  rates  of  growth  and 
development  and/or  by  limiting  or  completely  interrupting  reproductive 
output  (Gilyarov  1982;  Allan  and  Goulden  1980;  Elmore  1982).     Reports  of 
low  fecundity,  small  body-sizes  or  decreased  rates  of  development,  in 
addition  to  low  concentrations  of  food  or  rates  of  food  supply,  are  typ- 
ically cited  as  evidence  that  zooplankton  are  food  limited  (Gilyarov 
1982). 

In  McCloud  Lake  the  average  clutch-size  observed  for  Diaptomus 
mississippiensis    was  3.4  eggs /female.    A  few  females  were  observed  at 
different  times  during  the  year  carrying  as  many  as  3-11  eggs.     In  more 
productive  Florida  lakes  clutches  of  15  or  more  eggs  are  not  uncommon 
(personal  observation). 

Elmore  (1982)  examined  the  effect  of  food  ( Chlamydomona s )  on 
Diaptomus  dorsalis ,  a  closely  related  species  common  in  productive 
Florida  lakes,  and  found  that  average  clutch  sizes  ranged  from  ca.  5 
eggs/female  at  15,000  cells/ml  to  ca.   18  eggs/female  at  300,000 
cells/ml.     He  also  reported  that  only  a  single  female  laid  eggs  at  the 
lowest  food  density,  while  the  remaining  females  remained  unproductive. 
This  suggests  that  3-4  eggs  is  probably  very  close  to  the  minimum  clutch 
size  for  D.  mississippiensis  before  gamete  production  is  shut  down  due 
to  inadequate  food.     While  Me socyclops  edax  produced  larger  clutches  (X= 
12  eggs/female,  range=  10-24  eggs/female)  compared  to  D. 
mississippiensis,  this  is  still  well  below  the  largest  clutch  sizes  (30- 
40  eggs/female)  I  have  observed  for  this  species  in  other  Florida  lakes. 
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This  trend  was  also  observed  for  Eubosmina  tubicen  and  Diaphanosoma 
bergei ,  as  both  species  typically  produced  only  1-4  embryos /fecund  fe- 
male, and  had  average  annual  egg-ratios  of  0.17  and  0.18,  respectively. 
While  it  is  possible  that  low  average  brood-sizes  could  partially  be  the 
result  of  inadequate  sampling  or  size-selective  predation  on  female  co- 
pepods  carrying  large  clutches,  this  explanation  is  unlikely  in  light  of 
other  corroborating  evidence,  including  low  algal  and  bacterial  standing 
stocks. 

The  adult  body-weights  and  changes  in  weight  per  unit  body  length 
(slopes  of  length-weight  regressions)  that  I  found  for  Diaptomus  and 
Mesocyclops  in  McCloud  Lake  are  significantly  lower  than  data  reported 
for  the  same  or  related  species  from  other  studies  (Chapter  2).  While 
comparisons  of  length-weight  regressions  should  be  viewed  with  caution 
because  of  methodological  differences  between  studies,  there  is  addi- 
tional evidence  suggesting  that  the  weights  of  at  least  the  late-stage 
copepodites  of  Diaptomus  and  Mesocyclops ,  and  possibly  the  larger  in- 
stars  of  Eubosmina  and  Diaphanosoma ,  are  unusually  low. 

Tessier  and  Goulden  (1982)  have  proposed  a  qualitative  technique  for 
measuring  the  lipid  content  of  cladocerans  and  copepods  which  they  show 
can  be  used  to  evaluate  both  the  overall  food  supply  in  lakes  and  the 
relative  feeding  success  of  individual  zooplankton.     In  lakes  in  which 
food  supplies  are  abundant,  zooplankton  often  consume  more  food  than  is 
required  for  growth,  maintenance  and  reproduction  and,  consequently, 
have  large  visible  stores  of  triglyceride.     Conversely,  under  food  lim- 
iting conditions  superfluous  feeding  does  not  occur,  and  specimens  are 
frequently  observed  with  either  very  little  or  no  lipid  reserves.  The 
advantage  of  this  technique  is  that  while  the  relationship  between  body 
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size  or  body  mass  and  food  concentration  can  be  quite  variable,  lipid 
storage  always  shows  a  positive  correlation  with  a  zooplankters  ability 
to  withstand  starvation  conditions  (Tessier  et  al.  1983). 

Lipid  droplets  were  rarely  observed  in  any  copepod  or  cladoceran 
species  from  McCloud  Lake.     When  they  did  occur,  they  were  always  very 
small  and  usually  only  found  in  adult  copepods  and  the  largest  clado- 
ceran instars.     Therefore,  I  suspect  that  the  relatively  low  body 
weights  reported  for  McCloud  Lake  zooplankton  are  likely  the  result  of 
inadequate  lipid  stores. 

Many  studies  have  suggested  that  juveniles  suffer  higher  mortality 
under  low  food  or  starvation  conditions    because  they  require  a  greater 
fraction  of  their  total  energy  intake  for  growth  and  rarely  are  able  to 
consume  enough  food  to  accumulate  energy  reserves  (Tessier  et  al.  1983). 
Gilyarov  (1982)  concludes  that  starvation  may  be  the  primary  cause  of 
juvenile  mortality  in  copepoda.      It  appears  that  in  McCloud  Lake  adults 
may  have  lost  the  competitive  advantage  normally  associated  with  lipid 
storage,  but  may  still  be  favored  over  juveniles  under  low  food  condi- 
tions because  they  are  capable  of  feeding  on  a  wider  range  of  particle 
sizes  and  have  lower  metabolic  costs  per  unit  body  weight. 

Gilyarov  (1982)  suggests  that  when  food  supplies  are  limiting,  zoo- 
plankton  densities  and  mean  body  size  and/or  fecundity  should  be  nega- 
tively related.     In  McCloud  Lake  total  zooplankton  density  was  nega- 
tively correlated  with  mean  zooplankton  body-size  (r=  -0.43,  p<0.01), 
but  only  Eubosmina  tubicen  showed  a  significant  negative  correlation  be- 
tween total  density  and  fecundity  (r=  -0.35,  p<0.01).     The  lack  of  sig- 
nificant correlations  for  the  remaining  species  may  be  due  to  the  low, 
relatively  constant  fecundities  reported. 
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The  net  effect  of  low  food  conditions  in  McCloud  Lake  is  most  likely 
an  overall  reduction  in  zooplankton  fitness  due  to  decreased  development 
times,  fecundity  and  survivorship.     Competition  for  limiting  food  re- 
sources is  probably  a  dominant  force  regulating  the  zooplankton  commu- 
nity in  this  lake.     Other  studies  have  suggested  that  threshold  food 
conditions  exist  for  variable  periods  of  time  for  at  least  some  popula- 
tions in  most  lakes  (Threlkeld  1976;  Lampert  and  Schober  1980). 
Gilyarov  (1982)  concludes  that  food  limitation  is  a  universal  feature 
influencing  the  structure  and  dynamics  of  zooplankton  in  all  freshwater 
lakes.     In  unproductive  lakes,  rates  of  food  supply  are  probably  always 
limiting  for  zooplankton.     The  seasonal  distribution  of  the  dominant 
species  in  McCloud  Lake  appears  to  be  related  to  a  combination  of  food  . 
conditions  and  temperature.     Much  of  the  pattern  in  zooplankton  succes- 
sion can  be  explained  by  the  variable  life-history  responses  of  differ- 
ent species  to  changing  food  and  temperature  conditions. 

Copepods  have  traits  which  maximize  equilibrium  population- size  at 
the  expense  of  achieving  high  population  growth-rates  (Allan  1976). 
Diaptomus,  in  particular,  is  especially  adapted  to  feeding  on  small  par- 
ticles and  at  low  food  levels.     In  McCloud  Lake  Diaptomus 
mississippiensis  virtually  monopolizes  the  zooplankton  assemblage  from 
winter  to  early  spring  when  food  supplies  are  low  and  potential  zoo- 
plankton competitors  are  present  in  reduced  numbers.     Diaptomus  con- 
tinues to  reproduce  throughout  the  winter,  resulting  in  high  naupliar 
recruitment  in  the  spring  when  water  temperatures  and  food  supplies  in- 
crease.   While  total  Diaptomus  densities  were  negatively  correlated  with 
temperature,  the  population  birth  rate  and  egg  and  naupliar  production 
were  positively  correlated  with  temperature.     This  suggests  that  the 
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summer  reduction  in  Diaptomus  was  due  to  increased  predation  pressure. 
High  summer  mortality  was  probably  associated  with  fish  predation  as 
Diaptomus  densities  and  death  rates  were  negatively  correlated  with  den- 
sities of  Mesocyclops.    Also,  mortality  was  highest  for  the  larger  late- 
stage  copepodites  and    densities  of  fish  fry  are  highest  in  the  summer 
months  (Maslin  1969). 

While  estimates  of  Chaoborus  densities  from  the  zooplankton  tows 
were  not  quantitative,  there  was  no  indication  of  a  qualitative  increase 
in  population  size  in  the  summer  collections.     It  is  also  assumed  that 
food  is  limiting  for  fish  and  that  vertebrate  predation  on  Chaoborus  is 
especially  intense.     In  more  productive  lakes,  Chaoborus  can  minimize 
its  losses  to  fish  predation  by  seeking  refuge  in  anoxic  bottom  waters 
during  the  day.     This  strategem,  however,  is  not  possible  in  McCloud 
Lake  due  to  its  relatively  shallow  depth,  high  water  transparency  and 
nearly  isograde  oxygen  profile. 

Mesocyclops  edax  is  considered  a  warm  water  species  (Herzig  1983), 
which  is  consistent  with  the  high  positive  correlation  I  report  here  be- 
tween total  densities  and  temperature.     Mesocyclops 's  exclusion  from  the 
winter  zooplankton  assemblage  appears  to  be  primarily  a  physiological 
response  to  low  temperatures.     Egg  development-times  increase  2.4X  from 
30  C  to  20  C,  and  reproduction  appears  to  cease  entirely  below  approxi- 
mately 15-18  C.     Wyngaard  et  al.   (1982)  have  also  documented  this  winter 
decline  in  egg  output  in  hypereutrophic  Lake  Thonotossasa.     Food  limita- 
tion may  be  an  additional  factor  excluding  Mesocyclops  from  the  zoo- 
plankton assemblage  from  winter  to  early  spring,  as  late-stage  cope- 
podites and  adults  are  probably  inefficient  consumers  on  phytoplankton. 
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and  their  preferred  prey,  Eubosniina  and  Diaphanosoma,  are  present  in  low 
densities  at  this  time. 

Cladocerans  have  life-history  features  which  are  associated  with 
high  reproductive  potential  and  rapid  population  growth  (Allan  1976). 
Cladocerans  achieve  highest  population  sizes  in  McCloud  Lake  during  the 
summer  and  fall  when  water  temperatures  are  high  and  food  is  presumably 
in  greater  supply.     Both  Eubosmina  and  Diaphanosoma  are  probably  exclud- 
ed from  late  fall  to  early  spring  when  food  levels  are  low  and  competi- 
tion with  Diaptomus  is  likely  to  be  intense. 

Opportunities  for  niche  partitioning  should  be  minimal  in  limnetic 
habitats  with  low  food  diversity.     Therefore,  the  appearance  of  cooc- 
curring  cladoceran  species  in  McCloud  Lake  is  unexpected.     Usual  strate- 
gies for  reducing  niche  overlap,  such  as  temporal  or  spatial  segrega- 
tion, are  not  employed,  as  both  species  have  nearly  identical  seasonal 
patterns.     One  key  to  explaining  this  phenomenon  may  be  the  differences 
in  body  size  between  species.     Diaphanosoma  is  considerably  larger  than 
Eubosmina ,  and  it  is  likely  that  the  two  species  differ  in  their  vulner- 
ability to  size-selective  predators.     Eubosmina  is  probably  vulnerable 
to  both  Mesocyclops  and  Chaoborus  throughout  its  life,  while  the  older, 
larger  instars  of  Diaphanosoma  may  be  more  resistant  to  invertebrate 
predation.     The  opposite  trend  may  be  true  for  vertebrate  predation,  as 
larger  instars  of  Diaphanosoma  and  copepod  copepodites  are  probably  se- 
lected preferentially  over  the  much  smaller  Eubosmina.     While  Eubosmina 
and  Diaphanosoma  were  poorly  correlated  with  bacteria  and  the  densities 
of  different  algal  particle-sizes,  it  is  still  probable  that  these 
species  have  slightly  divergent  feeding  habits  which  effectively  reduce 
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niche  overlap  and,  consequently,  the  likelihood  of  competitive  exclu- 
sion. 

The  low  numbers  and  diversity  of  limnetic  rotifers  in  McCloud  Lake 
is  also  rather  curious  considering  the  abundance  of  small  particle-size 
food  and  high  average  water  temperatures.     Keratella  americana,  the  only 
dominant  limnetic  rotifer,  achieves  maximum  population  size  during  a 
short  spring  pulse,  but  is  only  found  in  very  low  numbers  in  the  summer 
and  fall.     This  seasonal  pattern  does  not  appear  to  be  temperature  re- 
lated, as  K.  americana  is  a  widespread  and  important  species  in  Florida 
and  is  typically  the  dominant  rotifer  in  the  summer  plankton  of  soft- 
water  lakes  in  the  state  (Bienert  1986). 

The  low  numbers  of  Keratella  may  be  the  result  of  intense  competi- 
tion for  small-particle  food.     Since  the  food  base  in  McCloud  Lake  is 
shifted  toward  the  low  end  of  the  particle-size  scale,  it  is  likely  that 
most  herbivorous  species  in  the  lake  are  specially  adapted  for  feeding 
on  small  particles.     Even  if  species  are  able  to  effectively  partition 
food  resources  on  some  basis  other  than  the  GALD  or  SGALD,  such  as  over- 
all particle  geometry,  taste  or  smell,  competition  is  probably  still  an 
important  factor  because  of  the  low  densities  of  particles. 

Relatively  little  is  known  about  the  life-histories  and  natural  di- 
ets of  ciliated  protozoans  but,  due  to  their  numerical  importance  in  the 
plankton,  they  probably  consume  a  significant  fraction  of  small  particle 
food.     However,   the  seemingly  high  food  ration  of  ciliated  protozoans 
may  overestimate  their  real  impact  on  phytoplankton  densities,  as  proto- 
zoans contribute  to  high  nutrient  turnover  rates,  which  enhance  algal 
productivity  (Buechler  and  Dillon  1974;  Pace  and  Orcutt  1981).  More- 
over, small  algal  species  would  be  expected  to  benefit  most  from 
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increased  nutrient  availability  due  to  their  relatively  high  surface 
areas  per  unit  volume. 

Myxotrophic  algae  are  also  frequently  ignored  as  small-particle  con- 
sumers, although  recent  studies  suggest  that  they  compete  with  zooplank- 
ton  for  bacteria,  detritus  and  picoplankton  (Porter  et  al.  1985). 
McCloud  Lake  contains  a  number  of  important  species  which  are  capable  of 
facultative  heterotrophy ,  including  Dinobryon  spp.  and  several  dinoflag- 
ellates.     It  is  not  known  if  these  species  compete  directly  with  McCloud 
Lake  zooplankton  for  food,  although  their  contribution  to  small-particle 
consumption  should  probably  be  recognized  as  at  least  potentially  signi- 
ficant.    Future  work  on  trophic  ecology  in  softwater  Florida  lakes 
should  certainly  focus  attention  on  the  role  of  both  ciliated  protozoans 
and  heterotrophic  algae  in  small-particle  dynamics. 
Secondary  Production 

Except  for  Maslin's  (1969)  previous  work  on  McCloud  and  Anderson  Cue 
Lake  estimates  of  zooplankton  production  for  freshwater  Florida  lakes 
are  unavailable.     Even  though  Haslin's  (1969)  approach  to  calculating 
secondary  production  was  quite  different  from  mine,  our  estimates  for 

Diaptomus  are  fairly  close.     He  calculates  an  annual  production  of  4.75 

-2    -1  -2  -1 

g  m      y      versus  my  estimate  of  6.82  g  m      y    .     There  appears  to  have 

been  little  change  in  the  number,  relative  importance  and  seasonality  of 
zooplankton  species  in  McCloud  Lake  since  Maslin's  (1969)  study.  There- 
fore, his  finding  that  Diaptomus  comprised  55%  of  the  the  total  non- 
predatory  zooplankton  production  is  probably  still  a  good  approximation. 

If  all  the  species  in  Maslin's  (1969)  study  are  included  in  the  cal- 
culation, Diaptomus  accounts  for  37%  of  total  production,  followed  by 
Mesocyclops  edax  (33%)  and  total  cladocerans  (28%).     By  assuming  that 


102 

Diaptomus  accounts  for  35-50%  of  total  zooplankton  production,  I  esti- 
mate total  annual  zooplankton  production  during  1984  to  be  13.6-19.5 
g  m      y     .     Using  a  conversion  factor  of  5.5  kcal/g  organic  matter 

(Winberg  1971)  and  assuming  that  dry  weight  is  98%  organic  matter,  this 

-2  -1 

corresponds  to  73.5-105.0  kcal  m  y 

Production  estimates  for  zooplankton  from  other  freshwater  lakes 

generally  vary  by  more  than  an  order  of  magnitude.    Alimov  et  al.  (1972) 

2 

report  annual  production  values  of  1.56-1.74  g/m    for  total  zooplankton 
in  two  glacial  lakes  located  approximately  30  km  south  of  the  Arctic 

Circle  in  the  Soviet  Union.     Schindler  (1972)  measured  annual  production 

3 

values  of  3.33-16.43  kcal/m    for  two  Canadian  Shield  lakes.     Stress  et 

.  jf 

al.  (1961)  report  annual  rates  of  crustacean  zooplankton  production  of 
2 

8.0  g/m    in  a  Wisconsin  bog  lake.     Pederson  et  al.  (1976)  found  that 

rates  of  total  zooplankton  production  in  three  lakes  within  the  Lake 

-3  -1 

Washington  watershed  ranged  from  0.5-1.1  mg  m      d  . 

While  there  are  relatively  few  measurements  from  the  tropics  and 

subtropics,  data  from  Burgis  (1974)  suggest  that  shallow,  eutrophic, 

tropical  lakes  may  display  the  highest  rates  of  zooplankton  production. 

She  reports  an  average  daily  production  for  Thermocyclops  hyalinus,  the 

-3  -1 

dominant  zooplankter  in  Lake  George,  Uganda,  of  15.3-28.7  mg  m      d  . 

Lewis  (1979)  includes  a  thorough  breakdown  of  production  estimates  for 

the  dominant  zooplankton  species  in  tropical  Lake  Lanao.  Unfortunately, 

he  expresses  his  data  as  ug  wet  weight  1  ^  d  ^.     If  dry  weight  is 

assumed  to  be  10%  of  wet  weight,  then  his  estimate  for  T.  hyalinus  (46% 

-3  -1 

of  total  production)  is  approximately  1.9  mg  m  d 

Part  of  the  scatter  in  the  published  production  data  may  reflect 
differences  in  methodology,  although  a  more  important  factor  which 
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inhibits  the  comparison  of  data  sets  is  the  continued  use  of  terminology 
and  ways  of  reporting  units  which  cannot  be  easily  interconverted.  At- 
tempts to  standardize  data  sets  by  converting  between  mass  and  energy 
units  always  involves  some  degree  of  approximation.     Because  production 
is  usually  calculated  for  individual  species  or  occasionally  groups  of 
species  (i.e.  "herbivorous  zooplankton" ,  "crustacean  zooplankton" ) ,  it 
is  often  difficult  to  make  meaningful  comparisons  between  studies. 

Calculations  of  total  community  production  are  rarely  reported  be- 
cause of  the  methodological  problems  involved  in  dealing  vjith  organisms 
from  different  trophic  levels.     For  instance,  while  calculations  of  to- 
tal community  biomass  are  made  by  summing  the  biomass  estimates  for  in- 
dividual species,  this  approach  is  not  valid  for  determining  community 
production,  as  the  production  of  first  order  predators  includes  the  pro- 
duction of  their  herbivorous  prey.     In  some  cases  it  is  still  possible 
to  calculate  total  production  if  corrections  are  made  for  predatory  con- 
sumption, but  this  method  is  far  from  perfect,  especially  when  omnivor- 
ous species  are  involved. 

Using  annual  rates  of  production  may  give  misleading  results  for 
comparisons  of  temperate  and  tropical  or  subtropical  lakes.  Zooplankton 
production  in  temperate  lakes  is  greatest  in  the  spring  and  fall,  when 
water  temperatures  and  phytoplankton  productivity  are  high.  Subtropical 
and  tropical  lakes  typically  show  far  less  seasonality  as  the  growing 
season  often  extends  year-round.     While  it  is  generally  true  that  maxi- 
mum rates  of  production  are  highest  in  temperate  lakes  during  spring  or 
summer  pulses,  total  annual  production  may  actually  be  greatest  in  trop- 
ical and  subtropical  lakes  due  to  their  relatively  higher  average  water 
temperatures  and  longer  growing  seasons. 
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Brylinsky  and  Mann  (1973)  analyzed  the  factors  governing  productiv- 
ity in  lakes  and  reservoirs  throughout  the  world  and  concluded  that  over 
a  wide  range  of  latitude  variables  related  to  solar  energy  inputs  have 
greater  influence  on  production  than  variables  related  to  nutrient  con- 
centration.    Latitude  explained  57%  of  the  variance  in  productivity  in 
their  study  and  was  considered  a  good  surrogate  measure  of  the  influence 
of  solar  energy,  as  it  integrates  the  effects  of  the  sun's  altitude, 
day length,  length  of  growing  season  and  water  and  air  temperature. 

Despite  the  inherent  difficulties  in  obtaining  reliable  estimates  of 
production,  such  information  is  vital  to  understanding  the  magnitude  and 
rates  of  material  and  energy  transfer  between  different  trophic  levels 
in  lakes.     The  relationship  between  food-web  structure  and  the  pattern 
and  efficiency  of  energy  flow  through  aquatic  systems  is  of  great  prac- 
tical interest  to  ecologists.     Various  international  programs,  such  as 
the  IBP,  have  placed  a  high  priority  on  the  adoption  of  uniform  methods 
for  collecting  and  analyzing  data  related  to  productivity  problems  in 
freshwaters.    An  important  goal  of  these  programs  has  been  to  examine 
the  functional  relationships  which  exist  between  different  ecosystem 
components  and  to  develop  quantitative  models  which  can  be  used  in  the 
formulation  of  management  protocols. 

Current  models  for  predicting  the  impact  of  various  chemical,  physi- 
cal or  biological  alterations  in  lakes  are  based  largely  on  empirical 
measurements  of  community  structure  and  the  partitioning  of  biomass 
and/or  energy  between  discrete  components  within  the  community  (Ewel  and 
Fontaine  1983).     Unfortunately,  the  construction  of  even  relatively  sim- 
ple models  requires  a  great  expenditure  of  time  and  money,  and  because 
models  often  contain  erroneous  assumptions  or  insufficient  data,  they 
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are  often  of  limited  practical  value.     There  is  little  doubt,  however, 
that  with  improvements  in  both  modeling  techniques  and  our  understanding 
of  aquatic  ecosystems,  that  models  will  eventually  serve  as  the  basis 
for  making  decisions  regarding  lake  management  policies. 

The  need  for  additional  studies  on  productivity  problems  and 
trophic-level  interactions  in  Florida  lakes  is  evident.     Of  the  esti- 
mated 7,500  lakes  in  the  state  many  are  currently  in  jeopardy  due  to  ex- 
cessive inputs  of  nutrients,  pesticides  or  other  toxic  chemicals,  and 
possibly  acid  rain.     It  is  likely  that  efforts  to  develop  effective 
strategies  for  lake  restoration  or  management  will  be  hindered  by  gaps 
in  our  understanding  of  basic  chemical  and  biological  processes  in  these 
systems.     Zooplankton  ecology,  in  particular,  has  been  little  studied  in 
most  Florida  lakes.     Future  work  is  most  urgently  needed  in  the  follow- 
ing areas: 

1)  trophic  ecology:  calculations  of  feeding  rates  and  more  detailed 
studies  on  feeding  selectivity  in  lakes  of  varying  trophy,  including 
the  role  of  bacterioplankton  and  detritus  in  zooplankton  diets.  The 
role  of  ciliated  protozoans  in  small-particle  dynamics,  nutrient  cy- 
cling, and  energy  transfer  between  primary  and  secondary  producers 
should  also  be  examined.     The  potential  food  rations  and  growth 
rates  of  dominant  species  should  be  measured  in  an  attempt  to 
evaluate  the  possible  application  of  biomanipulation  as  a  tool  to 
regulate  phytoplankton  production  and  community  structure.  Food 
limitation  should  be  examined  as  a  potential  regulatory  factor  in 
zooplankton  dynamics  in  all  lakes,  regardless  of  trophic  state. 

2)  life-history  and  physiological  data  should  be  collected  for  all  im- 
portant species  for  the  purpose  of  improving  production  estimates. 
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long  term  whole-lake  studies  are  needed  to  examine  the  relationship 
between  community  structure  and  energy  flow,  especially  in  lakes 
which  contain  commercially  important  fish  populations.     With  expand- 
ing human  populations  in  the  state  it  will  become  increasingly  im- 
portant to  maximize  fish  harvests  and  at  the  same  time  generally  re- 
duce the  possibility  of  overexploitation  or  deterioration  of 
valuable  natural  resources. 

data  synthesis  and  the  development  of  unifying  concepts  which  can  be 
incorporated  in  system  models  and  used  in  overall  management  pro- 
grams . 


CHAPTER  IV 
SEASONALITY  AND  COMMUNITY  STRUCTURE 

Introduction 

Most  of  the  existing  data  on  zooplankton  in  Florida  lakes  have  been 
obtained  from  relatively  short-term  (<  1  3'ear)  studies  (Shireman  and 
Martin  1978;  Fry  and  Osborne  1980;  Wyngaard  et  al.  1982;  Beaver  and 
Crisman  1982;  Bays  and  Crisman  1983;  Elciore  1983a;  Elmore  et  al.  1983; 
Brezonik  et  al.   1984;  Canfield  and  Watkins  1984;  Schmitz  and  Osborne 
1984;  Foran  1986a,  1986b;  Bienert  1982,  1985,  1987).     Studies  spanning 
multiple  years  are  less  common,  and  have  been  confined  to  only  a  few 
lakes  in  the  state  (Nordlie  1976;  Blancher  1984;  Billets  and  Osborne 
1985;  Crisman  et  al.  1986).     Information  on  long-term  (year-to-year) 
trends  in  zooplankton  seasonality  is  generally  lacking  for  Florida. 

Many  of  the  studies  on  large  numbers  of  lakes  from  broad  geographic 
areas  within  the  state,  have  emphasized  zooplankton-trophic  state  rela- 
tionships (i.e.  Bays  and  Crisman  1983;  Canfield  and  Watkins  1984).  Rel- 
atively few  studies  have  reported  on  the  factors  which  regulate  zoo- 
plankton community  structure  in  Florida  lakes  (Elmore  1983a;  Foran 
1986b).     Furthermore,  many  important  areas  of  aquatic  ecological  re- 
search, such  as  the  structure  and  function  of  planktonic  food-webs,  have 
received  little  attention. 

This  chapter  examines  1)  long-term  (5  year)  trends  in  the  seasonal 
dynamics  of  zooplankton  in  an  oligotrophic ,  subtropical  lake,  2)  factors 
which  mediate  coexistence  among  the  dominant  zooplankton  species  includ- 
ing, spatial  and  temporal  segregation,  food-resource  partitioning,  and 


107 


108 

predation,  and  3)  the  role  of  ciliated  protozoans  and  other  microbial 
components  in  the  planktonic  food-web. 

Methods 

Physical  (temperature,  pH,  transparency),  chemical  (chlorophyll  a, 
dissolved  oxygen)  and  biological  (zooplankton,  phytoplankton  and  bacte- 
ria (1984  only))  data  were  collected  for  137  dates  in  McCloud  Lake  be- 
tween 1981-1985.     Samples  were  collected  at  irregular  intervals  ranging 
from  4  days  to  approximately  monthly.     During  1981-1983  plankton  and 
chlorophyll  a  samples  were  collected  from  several  midlake  stations  and 
pooled  prior  to  analysis.     The  sampling  schedule  for  1984  is  described 
in  Chapter  3.     In  1985  samples  were  collected  from  duplicate  midlake 
stations  and  analyzed  separately.     Details  of  the  methods  for  analyzing 
chlorophyll  a,  zooplankton  densities  and  biomass,  pH,  dissolved  oxygen 
and  temperature  are  provided  in  Chapter  3. 

Correlations  between  physical,  chemical  and  biological  variables 
were  calculated  using  monthly  averages  for  each  parameter.     All  data 
were  log  transformed  (logX  +1)  prior  to  analysis  and,  unless  othen/ise 
stated,  all  correlations  discussed  are  significant  at  the  alpha=  0.05 
level.    All  analyses  were  performed  using  the  SAS  statistical  package 
available  through  the  Northeast  Regional  Data  Center  at  the  University 
of  Florida. 

Results  and  Discussion 
Physical  and  Chemical  Parameters 

McCloud  Lake  is  a  shallow  (Z=  4.5-6.0  m),  monomictic  lake  which 
overturns  in  early  to  late  fall  (late-September  to  October)  following  a 
usually  brief  period  of  summer  stratification.     With  average  water  tem- 
peratures ranging  from  12.0  to  32.5  C  (Table  4-1)  McCloud  Lake  is 
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Table  4-1.    Measured  and  interpolated  temperature  data 
for  four  years  in  McCloud  Lake.    A  linear  interpolation 
model  was  used  to  estimate  the  number  of  days  in  each 
year  the  mean  water-column  temperature  was  within  the 
specified  intervals. 


no.  days/yr.  within  interval 

temperature 


interval 

1981 

1982 

1984 

1985 

<15.0 

0 

0 

41 

7 

15.0-19.99 

129 

33 

84 

83 

20.0-24.99 

51 

144 

73 

96 

25.0-30.0 

116 

134 

162 

168 

>30.0 

69 

57 

6 

11 

X 

a 

23.73 

25.42 

22.76 

24.03 

SD 

a 

5.7 

3.8 

5.3 

5.0 

n 

a 

365 

365 

366 

365 

^b 

24.49 

25.26 

22.66 

24.46 

SD, 
b 

5.25 

4.10 

5.26 

5.10 

\ 

11 

13 

70 

19 

estimates  from  linear  interpolation  model 

calculations  based  on  monthly  averages  of 
measured  temperatures.  n=  total  number  of 
measurements . 
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probably  transitional  between  true  subtropical  and  warm  temperate  lake- 
types.    Although  McCloud  Lake  is  located  above  the  29.5  N  latitude  boun- 
dary which  Beaver  et  al.  (1981)  suggest  separates  the  Northern  (warm 
temperate)  and  Central  (transitional)  thermal  zones  in  Florida,  its  mean 
annual  temperatures  of  22.7-25.4  C  are  closer  to  their  reported  group 
means  for  the  Central  (23.5  +  5.2  C)  and  Southern  (subtropical,  24.2  + 
4.8  C)  zones.    This  may,  however,  be  due  to  the  relatively  small  size  of 
McCloud  Lake  compared  to  the  lakes  studied  by  Beaver  et  al.  (1981) 
(Beaver,  pers.  comm.). 

Summer  to  early  fall  stratification  was  usually  weak  (temperature 
differential  <2. 5-3.0  C)  and  was  occasionally  broken  down  by  wind  ac- 
tion.    Short-term  periods  of  reverse  stratification  were  common  in  the 
winter,  when  the  incident  solar  radiation  was  sufficient  to  warm  the 
surface  waters  2-3  C  above  the  temperature  of  the  bottom  waters.  Sea- 
sonal temperature  patterns  were  fairly  uniform  (Figure  4-1),  and  the 
variation  in  mean  water-column  temperature  between  years  was  usually 
less  than  2.7  C  (Table  4-1). 

Water  temperature  was  positively  correlated  with  pH  (r=  0.35), 
Secchi  depth        (r=  0.38)  and  chlorophyll  a  (r=  0.40)  (Table  4-2).  In 
1982  and  1984  pH  followed  an  approximately  bell-shaped  curve  with  the 
highest  readings  occurring  in  midsummer.     In  1981  pH  was  maximum  in 
January  (pH=  4.65)  and  steadily  declined  until  December  (pH=  4.40).  The 
trend  in  1985  was  exactly  the  reverse  of  this,  as  the  lowest  pH's  were 
recorded  from  February  to  April  and  a  fairly  steady  increase  in  pH  was 
observed  the  rest  of  the  year. 

A  five  year  pH  maximum  of  4.95  was  recorded  in  June,  1984.     This  is 
slightly  greater  than  the  average  of  4.85  reported  by  Brezonik  et  al. 
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Figure  4-1.     Measurements  of  microzooplankton  and  macrozooplankton 
densities  (A)  and  biomass   (B) ,  mean  zooplankton  body- 
length  (C),  chlorophyll  a.  (D)  and  temperature  (E)  in 
McCloud  Lake  from  1981-85. 
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Table  4-2.     Correlations  between  m|an  monthly  tempera- 
ture, chlorophyll  a,  Secchi  depth      and  pH  in  McCloud 
Lake.     Significant  correlations  (p<0.05,  n=47)  are 
indicated  by  *. 


Temp 

Chla 

Secchi 

Temp 

1.00 

Chla 

*0.40 

1.00 

Secchi  ^ 

*0.38 

*0.66 

1.00 

pH 

*0.35 

-0.02 

-0.10 
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(1969)  for  1967-1968.    Ogburn  (1984)  presents  historical  water  chemistry 
data  for  McCloud  Lake  which  suggests  that  pH  has  been  declining  steadily 
since  the  late  1960 's.    My  data  suggest  that  pH  exhibits  much  seasonal 
variation  and  that  evaluating  historical  trends  in  pH  using  annual  means 
may  be  misleading,  depending  on  the  frequency  and  timing  of  sample  col- 
lection. 

McCloud  Lake  has  clear  water  (<10  mg/1  as  Pt),  and  mean  annual 
Secchi  depths  ranged  from  3.22-5.14  m  (Table  4-3).     Chlorophyll  a 
concentrations  were  typically  in  the  oligotrophic  range  (<3.0  ug/1),  al- 
though midsummer  peaks  in  algal  production  during  both  1981  and  1982 
resulted  in  concentrations  which  exceeded  12.0  ug/1  (Figure  4-1).  Al- 
though chlorophyll  a  levels  remained  low  during  1983-1985,  high  summer 
phytoplankton  production  is  probably  not  atypical  in  McCloud  Lake  and  is 

consistent  with  Ogburn's  (1984)  finding  that  atmospheric  loading  rates 

-2  -1 

of  phosphorus  (43.9-58.0  mg  m      yr     )  are  high  enough  to  maintain  meso- 
trophic  conditions.     Water  column  phosphorus  levels,  however,  are  almost 
always  in  the  oligotrophic  range  (<10  ug/1)  due,  in  part,  to  high  rates 
of  sediment  adsorption  (Ogburn  1984). 
Phytoplankton 

The  phytoplankton  community  in  McCloud  Lake  is  dominated  by  species 
which  are  characteristic  of  acidic  conditions.     The  lake  supports  a  rich 
desmid  flora  and  late  fall  and/or  winter  blooms  of  Dinobryon  spp.,  a 
group  which  is  known  to  flourish  under  low  phosphorus  conditions 
(Hutchinson  1967),  are  common.     However,  limnetic  phytoplankton  diver- 
sity was  generally  low,  and  nano-  (10-50  urn),  ultra-  (2-10  urn)  and 
picoplanktonic  (0.2-2.0  um)  species  greatly  outnumbered  species  of  net- 
plankton  (>50  um). 
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Table  4-3.  Annual  means  +  SD  for  pH,  Secchi  depth  and 
chlorophyll  a  in  McCloud  Lake. 


Chla      Secchi  depth  pH 
(ug/1)  (m)  (units) 


1981 

X 

4.93 

3.27 

4.51 

SD 

3.57 

0.98 

0.06 

n 

9 

8 

11 

1982 

X 

3.70 

3.22 

4.54 

SD 

3.26 

0.89 

0.08 

n 

16 

11 

11 

1983 

X 

0.88 

5.14 

4.68 

SD 

0.51 

0.45 

0.02 

n 

14 

15 

2 

1984 

X 

1.05 

4.93 

4.59 

SD 

0.72 

0.52 

0.12 

n 

70 

69 

44 

1985 

X 

1.62 

4.49 

4.52 

SD 

0.83 

0.49 

0.09 

n 

20 

19 

14 
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Fewer  than  15-25  species  of  phytoplankton  were  common  (>5%  of  total 
densities)  in  the  open-water  samples  collected  during  1981-1985.  Impor- 
tant species  included  members  of  Chlorophyta  (Closterium  spp.,  Desmidium 
spp.,  Euastrum  spp.,  Gloeocystis  sp. ,  Micrasterias  spp.,  Mougeotia 
floridana,  Netrium  sp. ,  Oocystis  spp.,  Staurastrum  americanum, 
Staurastrum  sp. ,  Tetraedron  minimum,  Tetraedron  sp. ),  Cyanophyta 
(Merismopedia  glauca. ) ,  Pyrrhophyta  (Ceratium  carolinianum,  Glenodinium 
sp. ,  Gyflinodinium  sp. ,  Peridinium  limbatum,  P.  inconspicuum) ,  Chrysophyta 
(Dinobryon  divergens,  D.  campanulostipitatum,  Mallomonas  spp.,  Synura 
spp.),  Cryptophyta  (Cryptomonas  erosa,  C.  ovata,  Chroomonas  sp.), 
Euglenophyta  (Euglena  spp.,  Trachelomonas  sp.)  and  Bacillariophyta 
(Asterionella  sp.). 

A  detailed  systematic  list  was  not  compiled  in  this  study  due  to 
the  uncertain  taxonoraic  position  of  many  cells  in  the  nano-,  ultra-  and 
picoplankton  size-range.     Brezonik  et^  al.   (1969)  provide  a  partial 
checklist  of  algae  from  McCloud  Lake  which  lists  over  152  taxa.  They 
report  the  largest  number  of  species  within  Chlorophyta  (54),  followed 
by  Cyanophyta  (24),  Euglenophyta  (22),  Pyrrhophyta  (16),  Bacillariophyta 
(8)  and  Cryptophyta  (4).     The  unusually  high  species  richness  they  re- 
port is,  no  doubt,  a  reflection  of  the  detailed  investigations  of  Lackey 
and  Lackey  (1967)  and  the  inclusion  of  benthic,  epiphytic  and  tycho- 
planktonic  taxa  on  their  list.     It  is  interesting  to  note  that  Lackey 
and  Lackey  (1967)  also  observed  winter  blooms  of  Dinobryon  spp.  and  high 
summer  densities  of  Merismopedia  in  McCloud  Lake. 

In  contrast  to  the  limnetic  zone,  phytoplankton  species  richness  in 
the  littoral  zone  was  quite  high.     Thick  "clouds"  of  filamentous  algae 
were  commonly  found  growing  amongst  the  littoral  vegetation.     Crisman  et 
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al.  (1985)  have  also  observed  this  type  of  growth  in  other  softwater 
Florida  lakes  and  Muller  (1980)  and  Lazarek  (1982)  have  reported,  re- 
spectively, on  enhanced  epiphytic  and  benthic  autotrophic  production  in 
the  littoral  zones  of  acidic  temperate  lakes. 

In  McCloud  Lake  these  clouds  were  composed  primarily  of  Mougeotia 
spp.,  Desmidium  sp.  and  several  other  unidentified  filamentous  greens 
and  blue-greens.     Many  other  species  of  unicellular  algae  can  be  found 
growing  within  these  large  entangled  masses.     Desmids  and  diatoms,  in 
particular,  were  especially  numerous.    Many  of  the  less  common  species 
of  net  plankton  collected  in  the  open-water  samples  probably  originated 
from  these  dense  littoral  growths,  and  were  transported  into  the  lim- 
netic zone  during  periods  of  strong  wind  activity. 

Crisman  et_  al.  (1985)     suggest  that  the  littoral  zone  contributes  a 
substantial  fraction  of  total  autotrophic  production  in  many  of 
Florida's  acidic  lakes.     This  is  certainly  true  in  McCloud  Lake  where  a 
dense  margin  (1-3  m)  of  emergent  vegetation  surrounds  the  lake  and  lim- 
netic phytoplankton  densities  are  typically  low.     In  addition,  the  lit- 
toral zone  contributes  to  high  biotic  diversity  by  providing  essential 
habitats  for  fish  and  other  organisms,  and  may  also  be  important  in  reg- 
ulating system  productivity  by  controlling    exports  of  phosphorus  and 
dissolved  and  particulate  organic  matter  (Ogburn  1984). 
Zooplankton  Seasonality 

The  seasonal  distribution  of  micro-  and  macrozooplankton  densities 
in  McCloud  Lake  is  shown  in  Figure  4-1.     With  the  exception  of  1981,  in 
which  macrozooplankton  comprised  50.4%  of  total  zooplankton  abundance, 
microzooplankton  dominated  total  densities  (Table  4-4).     Diaptomus  al- 
ways accounted  for  the  largest  fraction  of  total  mean  annual  zooplankton 
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densities  (23.2-40.5%),  followed  by  Keratella  (11.8-33.5%),  Mesocyclops 
(15.1-30.8%),  Eubosmina  (3.5-22.0%),  Diaphanosoma  (3.4-9.2%), 
Tropocyclops  (3.0-6.4%)  and  Daphnia  (0.0-1.2%). 

Microzooplankton  densities  were  significantly  correlated  with  tem- 
perature (r=0.46),  but  were  unrelated  to  chlorophyll  a  concentrations 
(Table  4-5).    Macrozooplankton  densities  did  not  show  a  significant  re- 
lationship with  temperature,  but  were  positively  correlated  with  both 
chlorophyll  a  (r=0.29)  and  Secchi  depth  ^  (r=0.67). 

Of  the  dominant  zooplankton  species,  only  Mesocyclops  (r=0.57)  and 
Eubosmina  (r=0.31)  were  significantly  correlated  with  temperature  (Table 
4-5).     Eubosmina  densities  showed  a  weak  correlation  with  chlorophyll  a 
(r=0.29),  and  both  Eubosmina  (r=0.73)  and  total  rotifer  densities  (r= 
0.32)  were  significantly  correlated  with  Secchi  depth  ^. 

Trends  in  the  seasonal  distribution  of  zooplankton  biomass  were 
markedly  different  than  those  shown  for  zooplankton  densities  (Figure  4- 
1).     Macrozooplankton  biomass  was  consistently  greater  (84.2-93.9%  of 
total  biomass)  than  microzooplankton  biomass  during  1981-85  (Table  4-6). 
If  the  proportion  of  total  mean  annual  zooplankton  biomass  contributed 
by  the  dominant  zooplankton  species  is  calculated  (Table  4-6),  then  a 
slightly  different  ranking  is  achieved  than  that  shown  using  densities 
as  a  measure  of  species  importance.     Diaptomus  comprised  the  greatest 
portion  of  total  biomass  (28.6-52.2%),  followed  by  Mesocyclops  (9.5- 
18.2%),  Eubosmina  (9.9-44.5%),  Diaphanosoma  (7.8-17.4%),  Daphnia  (0- 
3.4%),  Tropocyclops  (1.2-3.3%)  and  Keratella  (0.6-2.4%).  Correlations 
between  species  or  group  biomass  estimates  and  temperature,  chlorophyll 
a  and  Secchi  depth  ^,  were  only  marginally  different  from  those  reported 
using  density  measurements  (Table  4-5). 
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Table  4-5.     Correlations  between  mean  monthly  densities  and  biomass  of 
the  dominant  zooplankton_Jaxa  in  McCloud  Lake  with  temperature,  chloro- 
phyll a  and  Secchi  depth    .     Significant  correlations  (p<0.05,  n=49) 
are  indicated  by  *. 


Temp  Chla  Secchi 


taxa  D  B  D  B  D  B 


Diaptomus 

0. 

00 

-0 

09 

-0 

16 

-0 

09 

0 

05 

0. 

13 

Mesocyclops 

*0. 

57 

*0 

60 

0 

27 

0 

16 

0 

17 

0. 

23 

Tropocyclops 

0. 

16 

0 

19 

-0 

04 

0 

06 

0 

00 

0. 

13 

Eubosmina 

*0. 

31 

0 

24 

*0 

29 

0 

23 

*0 

73 

*0. 

70 

Diaphanosoma 

0. 

16 

0 

12 

0 

16 

0 

09 

-0 

02 

-0. 

08 

Rotifers 

0. 

15 

0 

07 

0 

20 

0 

22 

*0 

32 

*0. 

44 

Microzooplankton 

*0. 

46 

*0 

38 

0 

14 

0 

08 

0 

20 

0. 

23 

Macrozooplankton 

0. 

26 

0 

17 

*0 

29 

*0 

29 

*0 

67 

*0. 

72 

Total  Zooplankton 

*0. 

37 

0 

22 

*0 

31 

*0 

28 

*0 

60 

*0. 

72 

D=  densities,  B=  biomass 
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Trends  in  the  seasonal  importance  of  different  zooplankton  species 
or  components  also  varied  between  years  (Figure  4-2).  Macrozooplankton 
densities  and  biomass  showed  large  summer  peaks  in  both  1981  and  1982 
(Figure  4-1),  presumably  in  response  to  greatly  elevated  levels  of 
chlorophyll  a.    Most  of  this  increase  was  accounted  for  by  large  pulses 
in  Eubosmina  and,  to  a  lesser  extent,  Diaphanosoma  (Figure  4-2).  This 
pattern  of  increased  summer  production  in  algae  and  zooplankton  was  not 
repeated  in  subsequent  years,  as  relatively  little  variation  in  both  to- 
tal zooplankton  biomass  and  chlorophyll  a  was  observed. 

Total  Diaptomus  biomass  exhibited  large  spring  peaks  in  1981,  1984 
and  1985  (Figure  4-3).    An  additional  late  summer  to  early  fall  pulse 
was  recorded  in  1981,  but  in  both  1984  and  1985  biomass  steadily  de- 
clined following  the  spring  maximum.     There  was  no  indication  that 
Diaptomus  undergoes  diapause  during  the  winter  in  McCloud  Lake.  Eggs 
were  produced  year-round,  with  only  slightly  elevated  densities  being 
found  during  fall  in  1981  and  during  spring  in  1985  (Figure  4-2).  The 
highest  densities  of  nauplii  were  found  during  spring  in  1981  and  1984, 
and  during  fall  in  1982.     Both  spring  and  summer  maxima  in  nauplii  abun- 
dance were  recorded  in  1985. 

Diaptomus  copepodite  densities  were  more  uniformly  distributed.  A 
small  late  summer  to  fall  pulse  in  CV-VI  copepodites  was  recorded  in 
1981  and  small  spring  pulses  in  CI-IV  copepodites  were  observed  in  1981 
and  1984.     In  1985  high  densities  of  CI-IV  copepodites  were  observed 
following  the  spring  maximum  in  naupliar  abundance. 

Mesocyclops  showed  the  most  consistent  seasonal  patterns  among  the 
dominant  zooplankton  species  in  McCloud  Lake  (Figure  4-3).  Mesocyclops 
biomass  was  always  highest  in  summer  and  fall  and  was  usually  negligible 
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Diaptomus 

CV-VI 


FMAN    FMAN    FMAN    FMAN  FMAN 
1981  1982  1983  1984  1985 


Figure  4-2.     Densities  of  the  dominant  zooplankton  taxa  in  McCloud 
Lake  from  1981-85. 
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Figure  4-3.     Mean  biomass  of  the  dominant  zooplankton 
taxa  in  McCloud  Lake  from  1981-85. 
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Table  4-7.  Common  limnetic  zooplankton  recorded  from 
McCloud  Lake. 


Copepoda 

Diaptomus  mississippiensis  Marsh 

Me  socy clops  edax  Forbes 

Tropocyclops  prasinus  mexicanus  Kiefer 

Cladocera 

*Acroperus  harpae  Baird 
*Alonella  exigua  Lilljeborg 
*Chydorus  sp. 

Daphnia  ambigua  Scourfield 

Diaphanosoma  birgei  Korinek 

Eubosmina  tubicen  Brehm 

Holopedium  amazonicum  Stingelin 

Rot if era 

Ascomorpha  ovalis  Carlin 

Brachionus  havanaensis  Rousselet 
*Euchlanis  triquetra  Hudson  and  Gosse 
*E.  ueneta  Myers 

Gastropus  stylif era  Imhof 

Keratella  americana  Carlin 

K.  taurocephala  Myers 

K.  crassa  Ahlstrora 
*Lecane  acronycha  Marring  and  Myers 
*L.  mitis  Barring  and  Myers 
*L.  pyrrha  Harring  and  Myers 
*L.  signif era  Jennings 
*L.  submagna  DeRidder 
*Manf redium  eudactylotum  Gosse 
*Monostyla  lunaris  Ehrenberg 
*M. pyrif ormis  Daday 
*M.  quadridentata  Ehrenberg 
*M.  bulla  Gosse 

*Mytilina  mucronata  var.  spinigera  Ehrenberg 
*Trichocerca  lata  Jennings 
*T.  longiseta  Schrank 
*T.  multicrinis  Kellicott 


probably  migrants  from  the  littoral 
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Table  4-8.     Correlations  between  mean  monthly  densities  of  the 
dominant  zooplankton  taxa  in  McCloud  Lake.     Significant  correla- 
tions (p<0.05,  n=50)  are  indicated  by  *. 


DIAP  MESO  TROPO         EUBOS         DIAPH  ROTIF 

DIAP  1.00 

MESO  0.00  1.00 

TROPO  0.21  0.26  1.00 

EUBOS  0.05  *0.43  *0.35  1.00 

DIAPH  -0.25  *0.48  -0.16         -0.09  1.00 

ROTIF  *0.46  0.08  -0.05          0.08  0.02  1.00 


DIAP=  Diaptomus  mississippiensis ,  MES0=  Mesocyclops  edax,  TROPO= 
Tropocyclops  prasinus ,  EUBOS=  Eubosmina  tubicen,  DIAPH= 
Diaphanosoma  birgei,  ROTIF=  total  rotifers. 
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in  the  winter.    Biomass  typically  started  to  increase  around  May  and 
then  following  either  one  or  two  discernible  pulses  in  summer-fall, 
would  begin  to  decline  sometime  after  November.     Egg  production  was  con- 
fined to  the  summer  and  fall  months  when  water  temperatures  were  typi- 
cally between  22  to  30  C.     Peaks  in  egg  densities  were  recorded  during 
midsummer  in  1981,  during  late  spring  and  late  summer  in  1982,  and  dur- 
ing fall  in  1984  (Figure  4-2).    Naupliar  recruitment  was  often  pro- 
nounced, and  large  midsummer  peaks  in  densities  were  observed  in  1982 
and  1983.     Naupliar  distributions  were  bimodal  in  1984  and  1985,  when 
discernible  peaks  in  abundance  were  observed  in  both  summer  and  fall. 
Copepodites  exhibited  little  seasonality,  and  only  minor  peaks  in  abun- 
dance were  recorded  during  fall  in  1982  and  during  summer  in  both  1984 
and  1985. 

The  much  smaller  cyclopoid  copepod,  Tropocyclops  prasinus ,  was  only 
a  minor  contributor  to  zooplankton  biomass,  and  did  not  appear  to  ex- 
hibit any  consistent  pattern  in  seasonal  distribution  (Figure  4-3). 
Biomass  peaks  were  usually  observed  in  the  fall,  except  in  1984,  when 
population  biomass  did  not  fluctuate,  and  in  1985,  when  a  single  peak 
occurred  in  midsummer. 

Eubosmina  and  Diaphanosoma  showed  very  similar  patterns  in  seasonal 
distribution  (Figure  4-3).     Peaks  in  biomass  for  both  species  were  typi- 
cally observed  either  in  midsummer  (1981-1983),  or  in  both  spring  and 
late  summer  (1984  and  1985).     Continuous  reproduction  was  observed  for 
both  species  from  approximately  March  until  November.     Except  for  summer 
and  fall  pulses,  respectively,  for  Eubosmina  and  Diaphanosoma  in  1981, 
eggs  and/or  embryos  were  uniformly  distributed  during  this  period. 
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Rotifers  exhibited  the  largest  seasonal  changes  in  population  densi- 
ties.   Well  defined  spring  pulses  in  total  rotifer  densities  were  re- 
corded in  1981,   1982  and  1984,  and  an  additional  fall  peak  was  observed 
in  both  1981  and  1982.     Rotifer  densities  in  1985  were  characterized  by 
distinct  pulses  occurring  in  spring,  midsuminer  and  late  fall.     With  few 
exceptions,  Ke rat el la  americana  dominated  both  total  rotifer  numbers  and 
biomass. 

Zooplankton  Community  Structure 

The  zooplankton  community  in  McCloud  Lake  is  greatly  simplified.  The 
total  species  pool  is  composed  of  only  six  persistent  taxa,  although  at 
any  given  time  only  2-4  species  are  dominant.     Copepods  dominate  the 
limnetic  zooplankton,  which  is  typical  of  most  softwater,  oligotrophic 
lakes  in  the  state  (Bays  and  Crisman  1983;  Canfield  and  Watkins  1984; 
Blancher  1984).     The  cladoceran  assemblage  is  confined  to  only  two  im- 
portant species,  Eubosmina  tubicen  and  Diaphanosoma  birgei,  although 
Daphnia  ambigua  is  occasionally  collected  in  very  low  densities  in 
either  spring  and/or  late  fall.     The  highest  species  diversity  occurs 
within  the  Rotifera  (23  species),  however,  many  taxa  collected  are 
probably  migrants  from  the  littoral,  and  Keratella  americana  almost 
always  comprised  greater  than  90%  of  total  limnetic  rotifer  densities 
(Table  4-7). 

Unfortunately,  there  are  few  detailed  studies  of  zooplankton  commu- 
nity structure  from  other  Florida  lakes  which  can  be  compared  with  this 
study.     Nordlie  (1976)  reports  on  zooplankton  community  structure  in  a 
deep,  unproductive  sinkhole  lake  and  two  eutrophic  lakes,  and  Brezonik 
et  al.  (1984)  discuss  zooplankton  community  structure  in  20  softwater 
lakes  of  varying  pH  (4.7-6.8).  Other  studies  (Shireman  and  Martin  1978; 
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Fry  and  Osborne  1980;  Bays  and  Crisman  1983;  Blancher  1984;  Schmitz  and 
Osborne  1984;  Billets  and  Osborne  1985;  Bienert  1986;  Elmore  et  al. 
1984)  either  mention  dominant  taxa  or  include  species  lists,  but  do  not 
discuss  interrelationships  among  species. 

Much  of  the  previous  work  on  zooplankton  in  Florida  lakes  has  empha- 
sized zooplankton-trophic  state  relationships.     Bays  and  Crisman  (1983) 
examined  the  relationship  between  zooplankton  biomass  and  TSIj,^^]^^ 
(Carlson  1977)  in  39  lakes,  Canfield  and  Watkins  (1984)  did  a  similar 
study  on  165  lakes  using  zooplankton  abundance  as  the  dependent  variable 
and  chlorophyll  a  as  the  independent  variable,  and  Blancher  (1984)  stud- 
ied the  relationship  between  zooplankton  abundance  and  Secchi  disk 
transparency  (SD),  SD  ^  and  TSIg^  in  8  lakes. 

All  of  these  studies  showed  that  oligotrophic  lakes  were  dominated 
by  copepods  and  that  zooplankton  abundance  or  biomass  increases  with  in- 
creasing trophic  state.     It  was  also  shown  that  microzooplankton  ac- 
counted for  most  of  the  relationship  between  abundance  or  biomass  and 
trophic  state.     Furthermore,  food  limitation  was  suggested  as  a  possible 
mechanism  limiting  population  sizes  in  unproductive  lakes  (Maslin  1969; 
Bays  and  Crisman  1983),  and  vertebrate  predators,  especially  gizzard 
(Dorosoma  cepedianum)  and  threadfin  shad  (Dorosoma  petenense ) ,  were 
credited  with  regulating  zooplankton  densities  and  decreasing  mean  zoo- 
plankton body-size  in  lakes  of  higher  trophic  state  (Bays  and  Crisman 
1983;  Elmore  et  al,  1984). 

Even  though  information  concerning  zooplankton  community  structure 
in  Florida  lakes  is  limited,  it  is  possible  to  draw  several  general  con- 
clusions from  the  existing  data.     First,  as  a  group  Florida  lakes  are 
represented  by  a  very  small  number  of  important  species  of  limnetic 
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crustacean  zooplankton  and,  although  lakes  of  varying  trophic  state  may 
differ  with  respect  to  the  relative  importance  of  different  zooplankton 
groups,  there  is  considerable  overlap  in  species  composition  between 
lakes . 

There  are  probably  fewer  than  a  dozen  species  of  limnetic  crustaceans 
which  could  be  considered  widespread  and  common  in  Florida  lakes.  These 
include  three  diaptomid  copepods,  D.  f loridanus ,  D.  dorsalis  and  D. 
mississippiensis ,  two  cyclopoid  copepods,  Mesocyclops  edax  and 
Tropocyclops  prasinus ,  and  six  cladocerans,  Daphnia  ambigua , 
Ceriodaphnia  lacustris,  Eubosmina  tubicen,  Bosmina  longirostris , 
Dlaphanosoma  birgei  and  D.  brachyurum.     Other  less  common,  although 
probably  widespread,  taxa  include  Cyclops  varicans,  Cyclops  vernalis, 
Ergasilus  sp,  Holopedium  amazonicum,  Bosminopsis  dietersi ,  Ceriodaphnia 
reticulata,  Latonopsis  occidentalis ,  Simocephalus  spp.  and  Chydorus 
sphaericus. 

With  the  exception  of  Elmore  (1983a)  and  Foran  (1986a,  1986b)  there 
have  been  few  experimental  studies  on  the  factors  regulating  zooplankton 
community  structure  in  Florida  lakes. 

Elmore  (1983a)  examined  the  factors  regulating  the  distribution  of 
Diaptomus  species  in  Florida  lakes.     His  study  suggests  that  D.  dorsalis 
is  probably  food  limited  in  some  mesotrophic  and  most  oligotrophic 
lakes.     He  also  shows  that  D.  dorsalis  is  favored  over  D. 
mississippiensis  and  D.  f loridanus     in  productive  lakes  because  of  its 
higher  population  growth  rate  and  reduced  vulnerability  to  planktivorous 
fish.     Predation  pressure  by  shad  was  considered  in  Elmore's  study  to  be 
the  principal  factor  limiting  D.  mississippiensis  and  D.  floridanus  in 
productive  lakes. 
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Foran  (1986a,  1986b)  addresses  the  second  general  conclusion  regard- 
ing zooplankton  community  structure  in  Florida,  namely  that  Daphnia,  a 
widespread  and  important  genus  in  temperate  lakes,  is  typically  repre- 
sented by  only  a  single  species  in  Florida  lakes.     Fernando  (1980)  dis- 
cusses the  general  decrease  in  daphnid  species  diversity  and  body  size 
that  has  been  observed  in  lowland  tropical  and  subtropical  lakes,  and 
suggests  that  this  phenomenon  may  be  a  physiological  response  to  higher 
temperatures. 

Foran  (1986b)  shows  that  even  the  largest  species  of  Daphnia,  D. 
magna,  exhibits  high  survivorship  under  laboratory  conditions  at  temper- 
atures up  to  27  C.     In  his  study  the  smaller  D.  laevis  had  higher  fit- 
ness (higher  r  and  earlier  age  at  first  reproduction)  than  D.  magna  at 
both  higher  experimental  temperatures  (21  and  27  C)  and  lower  food  lev- 
els . 

Foran  (1986b)  suggests  that  daphnid  rarefaction  may  be  a  consequence 
of  intense  exploitative  competition.  Unfortunately,  Foran  conducted  his 
experiments  using  D.  laevis ,  an  uncommon  species  in  Florida  which  is  re- 
stricted to  fishless  ponds,  rather  than  the  smaller  D.  ambigua,  which  is 
the  common  species  in  most  lakes.  Also,  Foran  did  not  run  any  experi- 
ments at  higher  temperatures  (30-32  C),  vjhich  are  representative  of  sum- 
mer conditions  in  many  north-central  and  south  Florida  lakes  (Beaver  et 
al.  1981). 

Many  factors  are  probably  responsible  for  the  low  species  diversity 
observed  in  McCloud  and  many  other  Florida  lakes.     In  general,  limnetic 
habitats  are  considered  to  be  relatively  homogeneous  and,  consequently, 
niche  diversity  is  assumed  to  be  low  (Makarewicz  and  Likens  1975). 
Since  cover  and  substrate  are  nearly  uniform  zooplankton  species  are 
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usually  segregated  along  two  principal  gradients,  depth  and  time 
(Makarewicz  and  Likens  1975).     Coexistence  within  this  time-space  frame- 
work is  maintained  by  factors  such  as  resource  partitioning(Dodson  1970; 
Neil  1975;  Lane  1978),  inter-  and  intraspecif ic  competition  (Dodson 
1974;  Lynch  1977,  1979)  and  predation  (Zaret  1978;  O'Brien  1979;  Lewis 
1980). 

Because  Mc Cloud  Lake  has  a  relatively  small  surface  area  and  is  not 
deep  enough  to  form  a  stable  hypolimnion,  spatial  segregation  is  proba- 
bly of  reduced  importance  in  promoting  species  coexistence.     A  study 
conducted  in  1984  (Chapter  3)  found  little  evidence  of  horizontal  patch- 
iness  in  species  distribution.     This,  however,  does  not  negate  the  pos- 
sibility that  species  are  segregated  vertically  in  the  water  column. 
Wyngaard  et  al.   (1982)  report  that  late  stage  (especially  ovigerous  fe- 
males) Mesocyclops  edax  exhibited  a  strong  pattern  of  vertical  migration 
in  hypereutrophic  Lake  Thonotosassa,  and  that  during  the  day  individuals 
could  be  found  buried  just  beneath  the  sediment-water  interface.  There 
have  been  few  additional  reports  of  vertical  migration  by  zooplankton  in 
other  Florida  lakes,  and  it  is  not  known  if  these  patterns  are  less  pro- 
nounced in  oligotrophic  lakes,  where  fish  predation  may  be  less  intense. 
Given  the  shallow  depth  and  high  Secchi  transparency  in  McCloud  Lake,  it 
is  likely  that  large-bodied  zooplankton  would  also  adopt  this  tactic  of 
burrowing  in  the  sediment  to  conceal  themselves  from  visually  feeding 
predators . 

It  is  also  possible  that  food-resource  partitioning  is  limited  in 
McCloud  Lake  by  the  low  diversity  of  algal  particle-sizes  (Chapter  3). 
All  of  the  dominant  zooplankton  species  are  herbivorous  during  some  part 
of  their  life-cycle,  although  there  are  at  least  three  distinct  feeding 


132 

niches  in  the  lake:  1)  filter -feeders  (Diaptomus,  Eubosmina, 
Diaphanosoma,  Ke rat el la  and  the  juvenile  stages  of  Mesocyclops  and 
Tropocyclops) ,  2)  small  raptorial  feeders  (late-stage  Tropocyclops) ,  and 
3)  large  raptorial  feeders  (late-stage  Mesocyclops). 

It  may,  however,  be  appropriate  to  include  a  fourth  feeding  category 
which  considers  microbial  food-loops  and  picoplankton  consumption.  Much 
information  is  emerging  regarding  the  feeding  ecology  of  both  phytoflag- 
ellates  and  zoof lagellates  which  suggests  that  they  can  be  significant 
competitors  with  zooplankton  for  small-particle  food  (Porter  et^  al. 
1985).     It  is  well  documented  that  microzooplankton  are  capable  of  feed- 
ing on  bacterioplankton  and  very  small  phytoplankton  (<10  um)  (Hall  et 
al.  1976;  Neill  1975;  Peterson  et  al.  1978),  but  it  is  not  clear  to  what 
extent  their  diets  may  overlap  with  myxotrophic  algae  and  protozoans 
(Porter  et_  al.  1985).    This  topic  will  be  discussed  further  in  the  next 
section. 

Competition  between  the  carnivorous  stages  of  the  cyclopoid  copepods 
Mesocyclops  and  Tropocyclops  is  likely  to  be  low  as  these  two  species 
differ  greatly  in  body  size  and  probably  exhibit  minimal  overlap  in 
prey-size  selection.     Competition  within  the  filter-feeding  category  may 
also  be  reduced  somewhat  due  to  temporal  segregation  and  differences  in 
herbivore  body-size  (Diaptomus>Diaphanosoma  >>Eubosmina  »Keratella) . 

Positive  correlations  between  total  Mesocyclops  and  Eubosmina  densi- 
ties and  temperature  (Table  4-5)  suggest  that  these  species  are  more 
abundant  in  the  summer  and  early  fall  months.     Diaptomus  densities  were 
uncorrelated  with  temperature  during  1981-1985,  although  if  correlations 
are  calculated  individually  for  each  year,  a  negative  correlation  be- 
tween density  and  temperature  is  found  for  1983  and  1984.  This  trend  is 
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especially  evident  during  1984  and  has  been  discussed  in  Chapter  3. 
Since  Mesocyclops  does  not  reproduce  in  the  winter,  naupliar  recruitment 
is  low  until  late  spring  to  early  summer.     Therefore,  temporal  segrega- 
tion may  also  be  a  factor  reducing  competition  between  Diaptomus  and  the 
herbivorous  stages  of  Mesocyclops  during  the  winter  and  spring. 

It  has  been  shown  that  predation  contributes  to  high  diversity  by 
ameliorating  the  effects  of  interspecific  competition  (Paine  1966;  Zaret 
1978;  Lynch  1979;  Lewis  1980).     In  the  absence  of  predators  selection 
should  favor  species  which  are  able  to  maximize  resource  utilization  ef- 
ficiency and  achieve  high  equilibrium  population  densities  (Allan  1976). 
Conversely,  less  efficient  species  are  often  quickly  eliminated,  result- 
ing in  simplification  of  community  structure.     Given  sufficient  time 
and,  under  constant  environmental  conditions,  a  single  dominant  species 
should  prevail.     However,  this  outcome  is  rarely  observed  under  natural 
conditions  due  to  many  factors,  including  the  transient  nature  of  the 
physical  environment  (Lewis  1980),  resource  partitioning  (Lewis  1980; 
McCauley  and  Briand  1979)  and  the  influence  of  vertebrate  and  inverte- 
brate predators  (Lynch  1979). 

Although  McCloud  Lake  contains  a  variety  of  planktivorous  fish 

species  and  several  invertebrate  predators,  it  is  difficult  to  evaluate 

their  influence  on  zooplankton  species  composition  and  size-structure. 

Visually  feeding  fish  planktivors  have  a  high  search  and  capture  effi- 

4 

ciency,  and  with  feeding  rates  approaching  10     zooplankton/  indivi- 
dual/day, their  capacity  for  regulating  the  prey  population  is  great 
(Allan  1976).     It  is  well  documented  that  vertebrate  predation  intensity 
falls  heaviest  on  large-bodied  zooplankton,  and  that  high  densities  of 
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planktivorous  fish  can  dramatically  reduce  mean  zooplankton  body-size 
(Werner  and  Hall  1974;  Zaret  and  Kerfoot  1975;  O'Brien  et  al.  1976). 

A  survey  of  the  dominant  fish  in  McCloud  Lake  (Keller  1984)  lists  a 
number  of  species  that  prey  on  zooplankton  either  as  fry  or  during  their 
entire  life-cycle.     These  include  mosquitofish  (Gambusia  af finis) ,  brook 
silverside  (Labidesthes  sicculus ) ,  swamp  darter  (Etheostoma  fusiformis) , 
warmouth  (Lepomis  gulosus) ,  bluegill  (Lepomis  macrochirus)  and  large- 
mouth  bass  (Micropterus  salmoldes) . 

Bays  and  Crisman  (1983)  show  that  macrozooplankton  (typically  cope- 
pods)  predominate  in  oligotrophic  Florida  lakes  which  are  dominated  by 
visually  oriented  predators  such  as  bass  and  bluegill.     In  contrast, 
dominance  shifts  toward  pump  filter-feeding  planktivors,  like  gizzard 
shad  (Dorosoma  cepedianum) ,  as  trophic  state  increases,  thus  favoring 
microzooplankton.     My  results  are  in  good  agreement  with  Bays  and 
Crisman  (1983),  as  macrozooplankton  accounted  for  84.2-97.9%  of  total 
mean  annual  crustacean  plus  rotifer  biomass  during  1981-1985  (Table 
4-6). 

The  list  of  invertebrate  predators  in  McCloud  Lake  includes  at  least 
one  species  of  Chaoborus  (probably  C.  punctipennis)  and  two  cyclopoid 
copepods.     Unfortunately,  quantitative  samples  for  Chaoborus  were  not 
collected  and  it  is  not  possible  to  discuss  the  numerical  or  biomass  re- 
lationships between  Chaoborus  and  potential  prey  species.  However, 
there  are  many  studies  which  show  that  invertebrate  predators  can  have  a 
substantial  impact  on  zooplankton  densities  and  community  structure. 
This  seems  to  be  especially  true  in  productive  lakes.     Gliwicz  et  al. 
(1978)  and  Lane  (1979)  show  that  in  some  eutrophic  lakes  cyclopoid 
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copepods  have  a  greater  impact  on  ::ooplankton  densities  than  plank- 
tivorous  fish. 

The  relative  importance  of  Chaoborus  and  other  predatious  macro- 
invertebrates  in  oligotrophic  and/or  acidic  lakes,  however,  is  not  alto- 
gether clear.    Allan  (1976)  points  out  that,  compared  to  vertebrate 
predators,  invertebrate  predators  have  a  lower  search  capacity,  are  less 
efficient  at  capturing  prey,  and  have  considerable  lower  feeding  rates. 
Allan  (1976)  concludes  that  invertebrate  predators  should  have  the 
greatest  impact  when  prey  populations  are  limited  by  some  other  factor, 
especially  food.     Low  food  or  even  starvation  conditions  are  believed  to 
be  a  common  feature  of  many  oligotrophic  lakes  (Lampert  and  Schober 
1980),  and  may  indirectly  increase  zooplankton  vulnerability  to  inver- 
tebrate predation  by  reducing  mean  body-size  (Threlkeld  1976;  Tessier 
and  Goulden  1982). 

Eriksson  et  al.   (1980)  and  others  (Nilssen  1980,  1981;  Henrikson  and 
Oscarson  1981)  hypothesize  that  the  numbers  of  invertebrate  predators 
should  be  higher  in  acidic  lakes  in  which  fish  are  either  present  in  low 
densities  or  have  been  totally  eliminated.     This  is  disputed  by  Yan  et 
al.   (1982)  who  show  that  population  sizes  of  Chaoborus  are  ultimately 
regulated  by  available  food,  and  that  Chaoborus  densities  will  not  nec- 
essarily increase  in  nutrient-poor  acidic  lakes  in  which  fish  have  been 
removed  experimentally.     This  is  further  supported  by  Neill  and  Peacock 
(1980)  and  Yan  et  al.   (1982)  who  demonstrate  that  Chaoborus  densities 
can  be  increased  in  fishless,  oligotrophic  lakes  by  the  addition  of  nu- 
trients.    They  show  that  enhanced  autotrophic  production  results  in 
higher  population  growth  rates  for  Chaoborus  by  increasing  survivorship 
of  the  early,  herbivorous  instars. 
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Unfortunately,  few  studies  on  Florida  lakes  discuss  the  effects  of 
invertebrate  predation  on  zooplankton  community  structure  and  body  size. 
Bays  and  Crisman  (1983)  state  that  Chaoborus  densities  were  always  low 
in  their  samples  and  that  there  was  no  apparent  change  in  the  intensity 
of  invertebrate  predation  with  increasing  trophic  state  for  the  22  lakes 
in  their  study.     However,  they  added  that  it  was  likely  that  their  sam- 
pling techniques  underestimated  Chaoborus  densities.     De  Bernardi  (1984) 
reviews  the  general  problem  of  estimating  Chaoborus  densities  using  con- 
ventional zooplankton  sampling  techniques,  and  concludes  that  small  zoo- 
plankton  nets  (i.e.  Wisconsin-style)  are  inadequate  for  obtaining  quan- 
titative data  for  Chaoborus. 

Nordlie  (1976)  suggests  that  Chaoborus  was  important  in  reducing 
cladoceran  diversity  and  body  size  in  Lake  Mize,  a  deep,  unproductive, 
sinkhole  lake  in  north-central  Florida.     However,  it  is  possible  that 
Chaoborus  densities  were  especially  high  in  this  lake  due  to  the  pres- 
ence of  a  large,  stable  hypolimnion,  which  may  have  provided  a  refugium 
from  fish  predators.     Shallow  depth,  high  water  transparency  and  low 
food  levels  are  probably  all  contributing  factors  limiting  Chaoborus 
population  size  in  McCloud  Lake. 

It  is  unclear  whether  low  pH  has  any  direct  effects  on  zooplankton 
community  structure  in  McCloud  Lake.     Numerous  studies  on  temperate 
lakes  show  a  marked  reduction  in  species  richness  with  decreasing  pH 
(Sprules  1975;  Raddum  et  al.   1980;  Confer  et  al.   1983).     Daphnia,  in 
particular,  are  especially  sensitive  to  low  pH  conditions  and  are  gener- 
ally not  found  below  pH  5.6  in  temperate  lakes  (Sprules  1975;  Confer  et 
al.  1983). 
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The  low  diversity  of  Daphnia  in  Floiida,  however,  does  not  appear  to 
be  related  to  pH.     The  only  important  limnetic  species,  D.  ambigua,  is 
widely  distributed  and  is  very  tolerant  of  acidic  conditions  (Brezonik 
et  al.  1984).     Brezonik  et  al.   (1984)  found  lower  species  richness  in 
acidic  versus  non-acidic  Florida  lakes,  but  concluded  that  covarying 
factors  related  to  competition,  predation  and  nutrient  status  tended  to 
obscure  the  relationship  between  both  species  richness  and  abundance 
with  pH. 

Food-Web  Dynamics;  Importance  of  Microbial  Linkages 

Understanding  the  structure  of  food-webs  and  patterns  of  energy  flow 
across  trophic  compartments  is  becoming  an  increasingly  important  part 
of  aquatic  ecological  research.     This  area  of  study  is  continually  ex- 
panding as  new  information  is  revealed  on  the  feeding  ecology  of  aquatic 
organisms.     One  area  in  particular  which  appears  to  merit  significant 
attention  is  the  role  of  microbial  food-loops  in  small  particle  dynamics 
and  energy  transfer  within  planktonic  food-webs. 

Porter  et  al.   (1985)  give  an  excellent  overview  of  the  role  of  pro- 
tozoans in  aquatic  ecosystems,  and  are  the  first  to  include  small  (<20 
urn)  naked  ciliates  and  myxotrophic  phytof lagellates  as  components  of 
planktonic  food-webs.     They  suggest  that  microbial  components  increase 
the  overall  trophic  efficiency  of  planktonic  food-webs  by  recycling  or- 
ganic carbon  which  might  otherwise  be  lost  to  the  system.  Materials 
processed  as  part  of  the  DOM/POM  compartment  in  their  proposed  food-web 
include  fecal  material,  phytoplankton  exudates,  dissolved  and  particu- 
late biproducts  of  zooplankton  grazing,  and  refractory  organic  matter. 

Protozoans  may  also  serve  an  important  function  as  a  link  between 
bacteria  and  picoplankton-sized  (0.2-2.0  urn)  cells  and  large  zooplankton 
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which  cannot  efficiently  procijss  very  small  particle  food  (Porter  et  al. 
1985).     In  addition,  there  is  evidence  that  protozoans  may  have  a  nur- 
turing effect  on  bacteria  by  maintaining  populations  in  log  growth  phase 
(Sieburth  and  Davis  1982). 

One  major  barrier  to  evaluating  the  impact  of  heterotrophic  flagel- 
lates on  plankton  dynamics  is  the  general  lack  of  information  on  this 
trophic  component.     Protozoans  have  only  recently  been  recognized  as  po- 
tentially important  contributors  to  zooplankton  biomass  in  lakes  (Beaver 
and  Crisman  1982;  Pace  1982;  Gates  1984),  and  research  on  myxotrophic 
phytof lagellates  in  freshwater  systems  is  almost  nonexistent  (Porter  et 
al.  1985).     Interestingly,  Hutchinson  (1967)  recognized  the  importance 
of  protozoans  in  marine  environments,  but  concluded  that  rotifers  occu- 
pied the  corresponding  niche  in  freshwater  lakes.     Traditional  methods 
of  collecting  and  preserving  zooplankton  are  either  destructive  to  pro- 
tozoans, or  simply  do  not  provide  quantitative  estimates  for  small 
species  (Pace  and  Orcutt  1981).     In  addition,  the  heterotrophic  flagel- 
lates represent  a  diverse  group  of  organisms  with  a  very  specialized 
taxonomy,  and  are  either  overlooked  in  plankton  samples  or  are  consid- 
ered outside  the  scope  of  traditional  zooplankton/phytoplankton  investi- 
gations. 

There  are,  however,  an  increasing  number  of  studies  which  suggest 
that  protozoans  are  an  important  planktonic  component  in  freshwater 
lakes.     Beaver  and  Crisman  (1982)  showed  that  ciliate  biomass  increased 
with  increasing  trophic  state  in  20  Florida  lakes.     They  also  report  a 
compositional  shift  from  large-bodied  (40-50  um)  to  small-bodied  (20-30 
um)  ciliates  along  an  increasing  trophic  gradient.     In  their  study 
oligotrophic  lakes  were  dominated  by  the  Oligotrichida,  while  eutrophic 
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lakes  were  codominated  by  members  of  the  Scuticociliatida,  Oligotrichida 
and  Haptorida.     Beaver  and  Crisman  attribute  this  shift  in  ciliate  com- 
munity structure  to  changes  in  food  availability.    They  suggest  that 
small  bactivorous  taxa  are  limited  in  oligotrophic  lakes  by  low  bact- 
erial concentrations,  but  that  larger  bodied  forms  are  able  to  survive 
because  they  eat  small  algae  in  addition  to  bacteria. 

Gates  (1984)  and  Gates  and  Lewg  (1984)  discuss  the  importance  of 
ciliated  protozoans  in  a  series  of  Ontario  lakes.     They  report  a  mean 
annual  ciliate  biomass  of  62.0  +  36.7  ug/1  for  a  series  of  9  primarily 
oligotrophic  lakes.     In  their  lakes  ciliates  comprised  approximately  10% 
of  nonalgal  biomass  or  5%  of  total  biomass.     They  also  report  finding 
mostly  small  (18-24  um)  ciliates  in  their  lakes,  in  contrast  to  the  much 
larger  (40-50  um)  sizes  found  in  the  oligotrophic  lakes  studied  by 
Beaver  and  Crisman  (1982). 

Pace  and  Orcutt  (1981)  and  Pace  (1982)  report  that  ciliates  com- 
prised up  to  32%  of  the  mean  annual  zooplankton  biomass  in  a  eutrophic, 
meromictic  lake  in  Georgia.     The  high  biomass  contribution  of  ciliates 
in  their  study  was  primarily  accounted  for  by  summer  blooms  of  bacti- 
vorous scuticocilliates . 

Unfortunately,  there  are  few  reports  on  the  relative  importance  of 
ciliated  protozoans  in  subtropical  and  tropical  lakes.  Hecky  and  Kling 
(1981)  examined  protozoans  as  part  of  their  investigation  of  Lake 
Tanganyika,  and  found  that  ciliate  biomass  exceeded  algal  biomass  at 
some  sites.     Lewis  (1985)  studied  protozoan  biomass  in  relation  to  phy- 
toplankton  turnover  rates  in  Lakes  Valencia  and  Lanao,  and  concluded 
that  ciliates  had  an  insignificant  effect  on  phytoplankton  mortality. 
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Lewis  suggested  that  protozoans  are  only  likely  to  have  a  quantitative 
impact  on  phytoplankton  in  oligotrophia  lakes. 

The  mean  annual  biomass  of  ciliates  in  McCloud  Lake  during  1984 
(44.6  +  55.8  ug/1)  is  slightly  lower  than  that  reported  for  oligo- 
trophia, temperate  lakes  (Gates  1984).     However,  ciliate  biomass  ac- 
counted for  58%  of  rotifer  plus  crustacean  biomass  or  36.7%  of  total 
zooplankton  biomass.     These  estimates  are  surprisingly  high  and,  in 
fact,  are  among  the  highest  ever  reported  for  a  freshwater  lake  (Pace 
1982;  Beaver  and  Crisman  1982;  Gates  1984). 

There  are  probably  several  explanations  for  the  unusually  large 
biomass  contribution  of  ciliates  in  McCloud  Lake. 

First,  the  relative  importance  of  ciliates  may  be  exaggerated  in 
this  lake  because  of  the  very  low  per  capita  dry  weights  reported  for 
the  two  dominant  copepods .     Diaptomus  mississippiensis  and  Me socyclops 
edax  are  the  largest  contributors  to  total  crustacean  biomass,  but  the 
slopes  of  the  length-weight  regressions  for  both  of  these  species  are 
well  below  those  reported  for  the  same  or  similar  species  from  other 
studies  (Chapter  2).    Therefore,  since  the  absolute  weights  for  total 
ciliate  biomass  in  McCloud  Lake  fall  within  the  range  reported  for  oli- 
gotrophic  lakes  from  other  studies,  low  crustacean  biomass  appears  to  be 
at  least  a  partial  explanation  for  the  inflated  estimates  of  ciliate  im- 
portance . 

The  second  explanation  has  to  do  with  the  highly  unusual  ciliate  as- 
semblage found  in  McCloud  Lake.     Ciliate  biomass  was  dominated  by 
Stentor  niger ,  a  very  large  (113  X  175  um)  ciliate  which  is  normally 
considered  to  be  unimportant  in  the  plankton  of  lakes  (Bienert  et  al. 
1987).     This  species  contains  high  densities  of  photosynthetic 
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zoochlorellae  and  reportedly  possesses  a  pigment  which  may  be  antagonis- 
tic to  potential  predators  (Tartar  1961). 

Pace  (1982)  suggests  that  myxotrophy  may  allow  ciliates  to  survive 
at  lower  food  concentrations  than  required  by  strictly  heterotrophic 
protozoans.     The  ability  to  operate  as  both  an  autotroph  and  heterotroph 
may  represent  an  important  adaptation  for  organisms  in  food  limited  en- 
vironments. 

This  also  raises  some  interesting  questions  regarding  competition 
for  small-particle  food  in  McCloud  Lake.     Rotifers  are  assumed  to  be  the 
primary  competitors  with  ciliates  for  bacteria  and  picoplankton  (Gates 
and  Lewg  1984).     In  McCloud  Lake  limnetic  rotifer  diversity  is  low  and 
rotifers  were  conspicuously  absent  during  the  summer  and  fall  in  1984 
when  high  densities  of  Stentor  were  common.    Although  this  is  clearly 
insufficient  evidence  to  show  that  competition  is  occurring,  the  impli- 
cation is  that  Stentor  has  invaded  a  niche  which  is  ordinarily  monopo- 
lized by  members  of  the  Rotifera. 

The  identification  of  potential  predators  on  Stentor  remains  an  im- 
portant unknown  in  analyzing  the  position  of  this  species  in  the  plank- 
tonic  food-web  in  McCloud  Lake.     Archbold  and  Berger  (1985)  review  the 
literature  on  ciliate  predation  and  report  that  direct  evidence  of  cili- 
ate  consumption  has  been  obtained  for  fish,  insects,  cladocerans,  cope- 
pods,  oligochaetes  and  turbellarians.     They  also  provide  additional  data 
which  shows  that  Cyclops  vernalis ,  Simocephalus  vetulus  and 
Scapholeberis  kingi  will  consume  Halteria  grandinella ,  a  common  fresh- 
water ciliate,  under  experimental  conditions. 

Mesocyclops  edax  is  known  to  feed  on  ciliates  in  nature  (Williamson 
1986),  and  is  the  most  likely  zooplankton  predator  on  Stentor  niger  in 
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McCloud  Lake.    Unfortunately,  ciliates  were  not  significantly  correlated 
with  either  Mesocyclops  numbers  or  biomass,  although  this  finding  would 
not  be  unexpected  if  ciliate  turnover  rates  were  very  high  relative  to 
Mesocyclops  feeding  rates.     The  possibility  that  Stentor  niger  possesses 
a  pigment  which  serves  as  an  antipredator  device  must  also  be  consid-  . 
ered.    This,  combined  with  the  flexible  feeding  behavior  previously  men- 
tioned, would  explain  the  prominence  of  this  species  in  McCloud  Lake. 
Other  studies  have  reported  on  the  contribution  of  Stentor  niger  to  cil- 
iate biomass  in  oligotrophic  Florida  lakes  (Bienert  et  al.  1987),  but  no 
one  has  examined  the  factors  which  might  be  involved  in  regulating  the 
distribution  of  this  large  ciliate. 

The  diagram  presented  in  Figure  4-4  summarizes  the  most  likely 
trophic  linkages  within  the  planktonic  food-web  in  McCloud  Lake.  The 
very  high  relative  biomass  of  ciliated  protozoans  reported  here  indicate 
that  microbial  food- loops  are  an  important  link  in  this  pathway.  If 
viewed  strictly  in  terms  of  energetics  this  is  not  too  surprising,  espe- 
cially if  Porter  et_  al.   (1986)  are  correct  in  assuming  that  microbial 
components  actually  increase  energy  transfer  efficiency  in  food-webs. 
It  seems  reasonable  that  in  food  and  nutrient  poor  lakes  biological  com- 
munities should  be  structured  in  a  way  that  would  maximize  resource  con- 
servation.    Unfortunately,  this  is  only  speculation,  as  there  is  cur- 
rently very  little  detailed  information  available  on  the  role  of  micro- 
bial components  in  planktonic  food-webs. 

Most  of  the  energy  transferred  from  primary  producers  to  secondary 
consumers  in  oligotrophic  lakes  flows  through  grazing  pathways  (Sprules 
1980).     Herbivorous  macrozooplankton  are  typically  dominant  in  olig- 
otrophic lakes,  and  it  is  generally  acknowledged  that  energy  is 
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4-4.     Trophic  linkages  in  the  planktonic  food-web  of  McCloud 
Lake.     Dashed  lines  indicate  unconfirmed  pathways.  All 
planktonic  components  contribute  to  the  DOM/POM  compart- 
ment, but  some  pathways  have  been  omitted  to  improve  the 
clarity  of  the  diagram. 
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transferred  out  of  the  planktonlc  compartment  with  greater  efficiency 
than  in  more  productive  lakes,  which  are  dominated  by  microzooplankton, 
and  in  which  much  of  the  energy  flow  follows  detrital  pathways  (Sprules 
1980). 

In  McCloud  Lake  the  principle  herbivorous  zooplankton  are  small-bod- 
ied forms  and  it  is  likely  that,  compared  to  oligotrophic  temperate 
lakes,  less  of  the  total  autotrophic  production  is  transferred  to  higher 
trophic  levels  by  a  strictly  grazing  pathway.    There  is  a  fairly  consis- 
tent seasonal  pattern  in  the  partitioning  of  total  zooplankton  biomass 
between  herbivorous  and  carnivorous  taxa.     Herbivorous  species  typically 
dominate  the  zooplankton  assemblage  in  late  winter  and  spring,  whereas 
carnivorous  taxa  increase  in  importance  in  the  summer  and  fall  (Figure 
4-5).     Part  of  the  explanation  for  this  is  related  to  the  physiological 
ecology  and  feeding  habits  of  the  dominant  zooplankton  species,  and  has 
been  discussed  in  previous  sections.     The  significance  of  this  shift  be- 
tween herbivorous  and  carnivorous  species,  however,  is  related  to  the 
efficiency  with  which  energy  is  transferred  out  of  the  zooplankton  com- 
munity. 

Sprules  (1980)  suggests  that  energy  transfer  efficiency  is  an  in- 
verse function  of  the  abundance  of  predaceous  zooplankton.     He  concludes 
that,  in  general,  invertebrate  predators  reduce  the  amount  of  zooplank- 
ton production  available  to  fish  by  20-25%.     However,  this  energy  loss 
may  be  partially  offset  if  the  invertebrate  predators  are  much  larger 
than  their  prey.     The  reason  for  this  is  that  although  less  total  energy 
is  available  it  is  packaged  in  larger  units,  which  allows  for  greater 
feeding  efficiency  by  planktivorous  fish  (Sprules  1980). 
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Unfortunately,  fisheries  data  are  lacking  for  McCloud  Lake  and  it  is 
not  possible  to  evaluate  the  merit  of  Sprules'  findings.     Data  have  been 
presented  which  suggest  that  the  zooplankton  in  McCloud  Lake  are  proba- 
bly food  limited  for  much  of  the  year.     Given  the  low  zooplankton  bio- 
mass  in  this  lake,  it  is  likely  that  fish  production  is  also  regulated 
to  a  large  extent  by  available  food.     It  is  not  known,  however,  if  in- 
vertebrate predation  is  ever  sufficient  to  reduce  available  zooplankton 
biomass  below  levels  which  might  adversely  affect  fish  populations. 

tony  questions  are  still  unanswered  regarding  the  factors  which  reg- 
ulate zooplankton  community  structure  and  population  dynamics  in  McCloud 
Lake.    Although  predation  and  food  limitation  are  probably  the  key  ele- 
ments explaining  the  low  diversity  and  biomass  of  zooplankton  in  this 
lake,  relatively  little  is  known  about  the  functional  role  of  ciliates 
and  other  microbial  components  in  the  planktonic  food-web.     For  in- 
stance, it  is  not  known  if  large  ciliates  are  able  to  competitively  ex- 
clude other  planktonic  microconsumers,  such  as  rotifers,  by  monopolizing 
available  supplies  of  bacteria  and  picoplankton.     If  ciliate  feeding 
rates  are  approximately  equivalent  to  the  rate  of  resource  supply  (small 
algae  and  bacterioplankton  productivities),  then  it  is  possible  that 
they  may  also  reduce  the  population  growth  rates  of  copepods  and  clado- 
cerans,  which  depend  on  small  particle  food  during  early  development. 

The  conflicting  argument,  however,   is  that  ciliates  may  actually  in- 
crease the  overall  efficiency  of  energy  flow  within  the  planktonic  food- 
web  by  rapidly  recycling  resources  which  might  otherwise  be  unavailable 
to  filter-feeding  zooplankton.     The  broad  implication  of  this  is  that 
the  development  of  high  ciliate  biomass  in  oligotrophic  lakes  is  an 
adaptation  which  allows  for  higher  relative  zooplankton  production  per 
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unit  of  primary  production.    These  questions  will  probably  remain  un- 
answered until  more  workers  recognize  the  importance  of  including  cil- 
iated protozoans  in  studies  of  plankton  ecology. 

Clearly,  more  research  is  needed  to  better  understand  the  intricate 
structure  of  planktonic  food-webs  in  Florida  lakes.     This  study  presents 
new  information  on  zooplankton  dynamics  in  an  acidic,  subtropical  lake, 
and  represents  the  first  attempt  to  examine  the  role  of  ciliated  proto- 
zoans in  the  planktonic  food-web  of  a  Florida  lake.    Although  still  pre- 
liminary, some  of  the  results  presented  here  raise  interesting  questions 
regarding  the  structure  and  function  of  aquatic  food-webs  in  Florida 
lakes.     However,  it  is  not  known  to  what  extent  these  findings  may  apply 
to  other  lake  systems,  and  additional  studies  are  needed  before  it  will 
be  possible  to  draw  any  general  conclusions  regarding  the  importance  of 
ciliates  and  other  microconsumers  in  Florida  lakes. 
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CHAPTER  V 
SUMMARY  AND  CONCLUSIONS 

Zooplankton  were  studied  over  a  five-year  period  (1981-1985)  in 
McCloud  Lake,  a  small  (ca.  5  ha.),  softwater  lake  in  north-central 
Florida.     The  life-cycles  and  life-history  characteristics  of  the  two 
dominant  copepods,  Diaptomus  mississippiensis  and  Mesocyclops  edax,  are 
described.      Length-weight  regressions  and  egg  and  postembryonic 
(Diaptomus  only)  development-times  are  also  provided  for  both  species. 
Estimates  of  secondary  production  were  obtained  for  Diaptomus 
mississippiensis,  the  dominant  herbivorous  species. 

Emphasis  was  placed  on  examining  the  role  of  temperature  and  both 
food  quality  and  availability  in  the  regulation  of  zooplankton  community 
structure  and  dynamics.     Important  factors  maintaining  species  coexis- 
tence, such  as  temporal  segregation,  food-resource  partitioning  and  pre- 
dation,  were  also  considered  in  explaining  year-to-year  trends  in  zoo- 
plankton distribution.     Finally,  discussion  was  focused  on  the  impor- 
tance of  ciliated  protozoans  in  the  structure  and  function  of  the  plank- 
tonic  food-web.     Important  findings  and  conclusions  of  this  study  are: 

1)  McCloud  Lake  is  a  shallow  (Z=  4.5-6.0  m),  monomictic,  subtropical 
lake  which  overturns  in  late-September  to  October,  following  a  usu- 
ally brief  period  of  summer  stratification.     McCloud  Lake  has  clear 
water  (color  <10  mg/1  as  Pt)  and  is  acidic  (mean  annual  pH=  4.51- 
4.68).    Water  temperatures  in  the  lake  range  from  12.0-32.5  C. 

2)  McCloud  Lake  can  be  classified  as  oligotrophic  based  on 
measurements  of  chlorophyll  a  (annual  means  0.9-4.9  ug/1). 


149 

However,  unusually  high  chlorophyll  a  concentrations  were  recorded 
during  midsummer  in  both  1981  (13.2  ug/1)  and  1982  (14.0  ug/1). 

3)  Phytoplankton  densities  ranged  from  2,498  to  15,627  cells/ml  in 
1984.    The  smallest  algal  size-classes  (GALD  <7.49  um)  consistently 
dominated  total  particle  densities. 

4)  Bacterioplankton  densities  ranged  from  0.40-8.14  X  10^  cells/ml, 
and  were  always  below  reported  threshold  feeding  levels  for  cili- 
ated protozoans  and  microzooplankton. 

5)  Zooplankton  community  structure  in  McCloud  Lake  is  greatly  simpli- 
fied.    The  lake  contains  six  important  species:  three  copepods 
(Diaptomus  mississippiensis ,  Mesocyclops  edax,  Tropocyclops 
prasinus) ,  two  cladocerans  (Eubosmina  tubicen,  Diaphanosoma 
birgei) ,  and  one  rotifer  (Keratella  americana) ,  although  at  any 
given  time  only  2-4  species  are  dominant. 

6)  During  1981-1985  microzooplankton  comprised  the  largest  fraction  of 
mean  annual  zooplankton  densities  (50-66%  of  total  densities), 
while  macrozooplankton  dominated  mean  annual  zooplankton  biomass 
(84-94%  of  total  biomass). 

7)  Diaptomus  made  the  largest  contribution  to  mean  annual  zooplankton 
biomass  (29-52%),  followed  by  Eubosmina  (10-44%),  Mesocyclops  (10- 
18%),  Diaphanosoma  (8-17%),  Daphnia  (0-3%),  Tropocyclops  (1-3%)  and 
Keratella  (1-2%). 

-2  -1 

8)  Annual  production  for  Diaptomus  in  1984  was  6.82  g  m      yr     .  The 

estimated  total  zooplankton  production  for  1984  was  13.6-19.5 

-2      -1  -2  -1 

g  m      yr      or  73.5-105.0  kcal  m  yr 

9)  Ciliated  protozoans  appear  to  be  a  very  important  component  of  the 
planktonic  community.     Ciliate  densities  reached  13,000/1,  and 
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ciliates  comprised  58%  of  rotifer  plus  crustacean  biomass  or  37%  of 
total  zooplankton  biomass  during  1984. 

The  ciliate  assemblage  was  dominated  (usually  >90%  of  ciliate 
biomass)  by  a  single,  large  (113  X  175  um)  species,  Stentor  niger, 
which  is  not  known  to  be  common  in  the  plankton  of  lakes.  This 
species  always  contained  high  densities  of  symbiontic  zoochlorellae 
and  was  often  concentrated  in  metalimnetic  plates  during  the  summer 
and  fall.     Myxotrophy  appears  to  be  an  opportunistic  strategy  which 
gives  this  species  a  competitive  advantage  over  microzooplankton 
(nauplii  and  rotifers)  when  particulate  food  is  scarce. 
Zooplankton  populations  in  McCloud  Lake  are  probably  food  limited 
for  most  of  the  year.     Evidence  of  this  is  largely  indirect,  but 
includes    1)  low  body-weights  reported  for  the  two  dominant  copepod 
species,     2)  small  body-sizes  and  low  fecundities  found  for  all  im- 
portant species,  3)  lack  of  visible  stores  of  triglyceride  for  all 
but  the  largest  adult  copepods  and  cladocerans,  and  4)  the  rela- 
tively low  densities  of  algal  and  bacterial  food  in  the  lake. 
Low  food  levels  probably  reduce  zooplankton  fitness  by  decreasing 
development  times,  fecundity  and  survivorship.     Juveniles  are  like- 
ly to  suffer  higher  mortality  than  adults  during  periods  of  low 
food  supply. 

Temporal  segregation  appears  to  be  an  important  factor  reducing 
competition  among  the  dominant  taxa.     Diaptomus  reproduced  year- 
round  and  densities  were  typically  highest  in  the  spring  and  during 
fall  and  winter.     Mesocyclops  did  not  reproduce  when  water  temper- 
atures dropped  below  15-18  C,  and  achieved  highest  population  den- 
sities from  late  spring  to  late  fall.     Eubosmina  and  Diaphanosoma 
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densities  were  highest  during  midsummer  and  fall,  and  both  species 
were  typically  uncommon  in  the  winter  and  spring. 

14)  Cladocerans  are  probably  limited  by  low  rates  of  food  supply  in  the 
spring  and  winter,  and  by  predators  in  the  summer  and  fall. 
Eubosmina  and  the  smallest  instars  of  Diaphanosoma  are  the  most 
likely  prey  for  Mesocyclops  edax. 

15)  Diaptomus  is  adapted  to  feeding  on  small  particles  and  at  low  food 
levels.     Diaptomus  dominates  the  zooplankton  assemblage  in  the 
winter  and  early  spring  when  both  water  temperature  and  food  sup- 
plies are  limiting  for  potential  competitors.     Population  size  is 
regulated  in  the  summer  by  predation  on  the  larger  late-stage  cop- 
epodites  and  competition  for  food  between  Diaptomus  nauplii  and 
Diaphanosoma,  Eubosmina  and  Mesocyclops  nauplii. 

16)  Mesocyclops  is  probably  limited  by  both  temperature  and  low  food 
levels  in  the  winter  and  early  spring,  and  by  predators  in  the  sum- 
mer and  fall. 
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